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Figure 1. Roughness means values and standard deviation in non-coated (reference) and coated (ref
SiC) samples (A). Atomic force microscopy (AFM) images of surface topography of non-coated (B) and
coated SiC (C), with amplifications of 10 pm.

Figure 2. SEM images of roughness of non-coated and coated samples. (A,D) Non-coated fluorapatite
disk, (B,E) glazed fluorapatite disk, and (CF) SiC-coated fluorapatite disk.

3.2. Water Contact Angle Measurements (WCAs)

The outcomes indicate different WCAs between the non-coated and coated surfaces (Table 1).
The coated SiC surface presented higher contact angles than the non-coated surface (p > 0.05).

Table 1. Mean of contact angle measurements on non-coated and coated SiC surfaces.

Ceramic Samples  Contact Angle (+SD)

Non-coated 46° + 2°
Coated SiC 60° +1°

3.3. Bacterial Growth

After 24 h, the amount of polymicrobial biofilm (S. mutans and S. sanguinis) was less on the
SiC-coated disks. The biofilm coverage on these disks was 16.9%, whereas uncoated reference samples
showed a significantly higher biofilm coverage of 91.8% (p < 0.0001) (Figure 3).
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Figure 3. Live coverage of Streptococcus mutans and Streptococcus sanguinis after 24 h of culture on the
non-coated (control) and coated surfaces.

The fluorescence images in Figure 4 demonstrate higher polymicrobial biofilm (S. mutans and
S. sanguinis) formation on the control group than on the coated group. The SEM images confirmed the
results from the live assays, showing a reduction in the number of adherent biofilms on the coated
group for S. mutans and S. sanguinis after 24 h of culture (Figure 5).

A B
20 um

C D
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Figure 4. Live fluorescence images of S. mutans and S. sanguinis cultured for 24 h on the non-coated
(A,B) and coated (C,D) surfaces. The cultures were stained with SYTO 9 to dye the living bacteria green.

There was a significant reduction in the number of CFU/mL after 24 h contact with ceramic SiC
coating compared to the control group (Figure 6), showing p = 0.0003 for S. sanguinis and p < 0.0001 for
S. mutans. The reduction of the monomicrobial biofilm of S. sanguinis and S. mutans were also similar
(p = 0.2528).

186



J. Funct. Biomater. 2020, 11, 33

Figure 5. SEM adhesion of polymicrobial biofilm of S. mutans and S. sanguinis after 24 h of cultivation
on non-coated (A,B) and coated (C,D) ceramic disks.

S. sanguinis
S. mutans 9

CFU/mL
CFU/mL

Figure 6. Mean (+SD) of colony-forming units (CFU)/mL of monomicrobial biofilms of S. mutans (A)
and S. sanguinis (B) presented in the non-coated (control) and coated groups.

3.4. Biocompatibility Testing

In order to determine whether the SiC coating presented biocompatibility, the cytotoxicity was
evaluated by the CellTiter-Blue assay. After 24 h of HPdLF cultivation on the samples, no obvious
cytotoxicity was observed, as evidenced by the absorbance of the cells cultured on SiC coating being

comparable to the control group (p = 0.3904) (Figure 7).
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Figure 7. Cytotoxicity of the non-coated (control) and coated groups after 24 h of human periodontal
ligament fibroblasts (HPALF) culture assessed by CellTiter-Blue absorbance.

The SEM images showed the interaction of cell extensions with the SiC-coated and non-coated
surfaces. SEM results demonstrated that cells adhered and covered the full surface of the disk after
24 h in culture. Additionally, the cell morphology was similar for cells cultured on SiC-coated and
non-coated samples, where HPdLFs appeared oval-shaped and flattened on the surface (Figure 8).

Figure 8. SEM images showing the adhesion of HPdLF on non-coated (A,B) and coated (C,D) surfaces
after 24 h of incubation.
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4. Discussion

The adhesion of streptococci to solid surfaces has been described as a two-step process, where the
first step is influenced predominantly by macroscopic substratum properties such as surface roughness
and surface free energy [33]. High substratum surface roughness has been shown to induce increased
plaque formation in vivo [34,35], as the initial adhesion of microorganisms preferably starts at locations
that provide shelter against shear forces. The surface roughness of differently prepared lithia disilicate
ceramic restorations (pressed (Press), milled (CAD), fluorapatite layered (ZirPress/Ceram), and glazed
(Ceram Glaze)) is closely related to the adherence of S. mutans [27]. The application of a SiC coating on
the surfaces of ceramic significantly minimized biofilm adhesion on the surface. A possible explanation
is that SiC altered the surface roughness of the ceramic. SEM 3D analysis of ceramic surfaces before
and after coating with SiC (Figure 2A-F) revealed a distinct difference in surface roughness between
the two surfaces. The SiC coating achieved planarization of the ceramic surface, essentially minimizing
surface roughness that bacteria can adhere to. Even when compared to a glazed ceramic surface,
the SiC coating produced a smoother surface (Figure 2B,C). This change in surface roughness was
further confirmed by a difference in surface topography of coated and non-coated surfaces, as observed
by AFM (Figure 1).

Numerous studies have also demonstrated that surfaces with high surface free energy foster
microbial adherence in vitro and in vivo [35-38]. In addition, bacteria with high cell surface free energy
appear to adhere preferentially to surfaces with high surface free energy.

Bacterial adhesion to a substrate and the initial biofilm composition is also related to surface
hydrophobicity, and communication between existing microorganisms [28,37,38]. Although the
literature shows that bacteria adhere better to hydrophobic surfaces, biofilm formation depends not
only on the surface topography but also on the bacteria species involved. Evidence suggests that
the presence of polysaccharides on the cell surface of Gram-positive bacteria, such as S. mutans and
S. sanguinis, tends to make the bacterial cell more hydrophilic [35,38]. Additionally, the cell shape and
size, including surface characteristics such as extracellular substances such as flagella and fimbriae,
as well as the production of proteins, are believed to have a significant influence on the process of
bacterial adhesion [33,34].

On the basis of contact angle measurements conducted in this study, we found that coated
SiC surfaces were more hydrophobic than non-coated surfaces; however, we found lower colonized
bacteria. This might suggest that SiC-coated samples can cause the detachment of bacteria from the
biofilm after 24 h.

In vitro studies have been performed on bacterial adhesion to various ceramic materials [28,39-43].
In the present study, we verified the adhesion of streptococcal species and the accumulation of complex
biofilms, which are of critical importance to predict the effect of biofilms on the surface ceramics.
Streptococcus mutans and Streptococcus sanguinis were used for this study because these bacteria are
predominant members in dental plaque, which is often described as a dual-species biofilm model [36,44].
The association of these microorganisms can interfere in the development of each other and promote
different results between polymicrobial and monomicrobial biofilms.

Lower adhesion of polymicrobial biofilm of S. mutans and S. sanguinis on the surface of fluorapatite
glass-ceramic coated with SiC was demonstrated. Additionally, we found a significant reduction
in their monomicrobial biofilm. Two studies found significant differences in adhesion of different
streptococcal species among different ceramic materials. These differences were observed in the
bacterial surface coverage, as well as in the thickness of the biofilm between the tested ceramic
materials. The lowest surface coverage (19.0%) and biofilm thickness (1.9 mm) were determined on the
HIP Y-TZP ceramic; the highest mean values were identified with the lithium disilicate glass-ceramic
(46.8%, 12.6 mm) [41,42]. On the other hand, Meier et al. [40] did not observe any significance.
Our study showed that the percentage of polymicrobial biofilm coverage was five times less for the
ceramic coated with SiC (16.9%) compared with the uncoated group (91.8%). Ceramic coating also
presented significant reductions of CFU/mL in monomicrobial biofilms of S. mutans and S. sanguinis.
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This may be related to the alteration of the surface energy and slightly smoother surface of coated SiC
surfaces, which can decrease the bacteria adhesion.

Because significant differences in bacteria adhesion were identified among the groups,
the hypothesis that SiC coatings on ceramic will decrease monomicrobial and polymicrobial biofilm
adhesion on the surface of the ceramic has to be accepted.

Furthermore, a study by Auschill et al. [45] found that biofilms form a very thin layer on ceramic,
but demonstrated the highest viability compared with biofilms on amalgam, gold, and composite resin.
Dal Piva et al. [28] found a lower value of bacterial adhesion for zirconia reinforced lithium silicate
(ZLS) ceramic compared to zirconia partially stabilized by yttrium (YZHT) ceramic. Lithium disilicate
glass-ceramics (LDS) have lower S. mutans adhesion than fully stabilized zirconia (FSZ) and partially
stabilized zirconia (PSZ), but the difference was not reflected in early biofilm formation [46]. Polished
feldspathic ceramics showed less Candida albicans adherence, whereas the adherence of streptococci
was greater than C. albicans in all conditions [39].

Ceramic materials may exhibit positive or negative results in terms of cell viability, according
to the ceramic composition [37,38]. Studies have demonstrated a significant decrease in cell viability
for computer-assisted design (CAD) block feldspathic ceramics [47]. Feldspathic ceramic glass and
glass-ceramics based on the 3CaO-P,05-Si0,-MgO system were considered not cytotoxic by MTT
((3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) [39] and neutral red analysis [48],
respectively. Additionally, lithia—silica glass-ceramic was biocompatible, promoting cell adhesion and
proliferation after 21 days [38]. However, zirconia-reinforced lithium silicate (ZLS) ceramic showed
severe initial cytotoxicity when in contact with fibroblasts for 24 h [28]. This study demonstrated that
fluorapatite glass-ceramic with or without SiC coating presented no cytotoxicity on human periodontal
ligament cells by CellTiter-Blue. SiC-coated surfaces seeded with HPdLF cells may foster cell survival
similar to surfaces that were not coated with SiC. Additionally, cells appeared elongated and intimately
attached to both ceramic surfaces by SEM images. Some cell-to-cell interaction on the surface of
ceramics was observed (Figure 8). Because the biocompatibility of the materials can be evaluated
by the direct interaction between the ceramic surface and the cells, we can affirm that SiC coating
is biocompatible.

This study confirmed that SiC coating can decrease bacterial adhesion on the surface of ceramic
veneers while maintaining biocompatibility with other cells. SiC recently demonstrated optimized
color properties and corrosion resistance [21,22]. This coating can be applied to dental materials to
improve their clinical performance.

5. Conclusions

A SiC coating on ceramic demonstrated enhanced bactericidal ability without inducing cytotoxic
effects. The SiC coating presented bactericidal activity against S. mutans and S. sanguinis after 24 h of
culture. In addition, the coating did not induce cytotoxic effects on periodontal ligament fibroblasts.
These results indicate that a SiC coating can be used as a tool to prevent bacterial adhesion and improve
the clinical performance of ceramic restorations. Further studies will include in vivo validation of
coating performance.

Author Contributions: Conceptualization, ER., ] EE.-U., and A.E.C.; methodology, S.E.A.C., ER,, and ].FE.-U.;
investigation: S.E.A.C., ASM., C.E, and J.L.P; data curation: S.E.A.C, S-M.H., ER,, AEC, and J.EE.-U.;
writing—original draft preparation, S.E.A.C.; writing—review and editing, S.E.A.C., ER., PH.C.IV, and ].FE.-U.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Institutes of Health-NIDCR (grant number R01 DE025001).

Acknowledgments: Ceramic materials were supplied by Ivoclar Vivadent. Dektak was performed at the
Nanoparticle Research Facility at the University of Florida.

Conflicts of Interest: The authors report no conflicts of interest related to this study.

Ethical Statements: The human periodontal ligament fibroblasts (HPdLF) cell line was obtained from Lonza
Bioscience (catalog #: CC-7049, Basel, Switzerland).

190



J. Funct. Biomater. 2020, 11, 33

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Liu,R.; Tang, Y.; Zeng, L.; Zhao, Y.; Ma, Z.; Sun, Z.; Ren, L.; Yang, K. In vitro and in vivo studies of anti-bacterial
copper-bearing titanium alloy for dental application. Dent. Mat. 2018, 34, 1112-1126. [CrossRef] [PubMed]
Liu, R.; Memarzadeh, K.; Chang, B.; Zhang, Y.; Ma, Z.; Allaker, R.P;; Ren, L.; Yang, K. Antibacterial effect of
copper-bearing titanium alloy (Ti-Cu) against Streptococcus mutans and Porphyromonas gingivalis. Sci. Rep.
2016, 6, 29985. [CrossRef] [PubMed]

Van Hove, R.P; Sierevelt, LN.; van Royen, B.J.; Nolte, P.A. Titanium-Nitride Coating of Orthopaedic Implants:
A Review of the Literature. BioMed. Res. Int. 2015, 9, 485975. [CrossRef] [PubMed]

Vilarrasa, J.; Delgado, L.M.; Galofré, M.; Alvarez, G.; Violant, D.; Manero, J.M.; Blanc, V.; Gil, EJ.; Nart, J.
In vitro evaluation of a multispecies oral biofilm over antibacterial coated titanium surfaces. J. Mater. Sci.
Mater. Med. 2018, 29, 164.

Pokrowiecki, R.; Zareba, T.; Szaraniec, B.; Palka, K.; Mielczarek, A.; Menaszek, E.; Tyski, S. In vitro studies of
nanosilver-doped titanium implants for oral and maxillofacial surgery. Int. ]. Nanomed. 2017, 12, 4285-4297.
[CrossRef]

Mombelli, A.; Oosten, M.A.C.; Schiirch, E.; Lang, N.P. The microbiota associated with successful or failing
osseointegrated titanium implants. Oral Microbiol. Immunol. 1987, 2, 145-151. [CrossRef]

Mei, S.; Wang, H.; Wang, W.; Tong, L.; Pan, H.; Ruan, C.; Ma, Q.; Liu, M.; Yang, H.; Zhang, L.; et al.
Antibacterial effects and biocompatibility of titanium surfaces with graded silver incorporation in titania
nanotubes. Biomaterials 2014, 35, 4255-4265. [CrossRef]

Li, G.; Zhao, Q.-M.; Yang, H.-1.; Cheng, L. Antibacterial and Microstructure Properties of Titanium Surfaces
Modified with Ag-Incorporated Nanotube Arrays. Mater. Res. 2016, 19, 735-740. [CrossRef]

Berry, C.W.; Moore, T.J.; Safar, J.A.; Henry, C.A.; Wagner, M.]. Antibacterial activity of dental implant metals.
Implant Dent. 1992, 1, 59-65. [CrossRef]

Carey, PH.; Ren, F; Jia, Z.; Batich, C.D.; Camargo, S.E.A.; Clark, A.E.; Esquivel-Upshaw, ].E. Antibacterial
Properties of Charged TiN Surfaces for Dental Implant Application. Chem. Select. 2019, 4, 9185-9189.
[CrossRef]

Anggraini, L.; Isonishi, K.; Ameyama, K. Toughening and Strengthening of Ceramics Composite through
Microstructural Refinement. 2016. Available online: https://aip.scitation.org/doi/abs/10.1063/1.4945458
(accessed on 19 January 2020).

Negita, K. Effective Sintering Aids for Silicon Carbide Ceramics: Reactivities of Silicon Carbide with Various
Additives. J. Am. Ceram. Soc. 1986, 69, C-308-C-310. [CrossRef]

Ohji, T; Jeong, Y.-K.; Choa, Y.-H.; Niihara, K. Strengthening and Toughening Mechanisms of Ceramic
Nanocomposites. J. Am. Ceram. Soc. 2005, 81, 1453-1460. [CrossRef]

Rudneva, V.V; Galevsky, G.V.; Kozyrev, N.A. Silicon nano-carbide in strengthening and ceramic technologies.
IOP Conf. Series Mater. Sci. Eng. 2015, 91. [CrossRef]

Zhan, G.-D.; Mitomo, M.; Kim, Y.-W. Microstructural Control for Strengthening of Silicon Carbide Ceramics.
J. Am. Ceram. Soc. 2004, 82,2924-2926. [CrossRef]

Filatova, E.A.; Hausmann, D.; Elliott, S.D. Understanding the Mechanism of SiC Plasma-Enhanced Chemical
Vapor Deposition (PECVD) and Developing Routes toward SiC Atomic Layer Deposition (ALD) with Density
Functional Theory. ACS Appl. Mater. Interfaces 2018, 10, 15216-15225. [CrossRef]

Flannery, A.F.; Mourlas, N.J.; Storment, C.W.; Tsai, S.; Tan, S.H.; Heck, J.; Monk, D.; Kim, T.; Gogoi, B.;
Kovacsa, G.T.A. PECVD silicon carbide as a chemically resistant material for micromachined transducers.
Sens. Act. A Phys. 1998, 70, 48-55. [CrossRef]

Flannery, A.F; Mourlas, N.J.; Storment, C.W.; Tsai, S.; Tan, S.H.; Kovacs, G.T.A. PECVD silicon carbide
for micromachined transducers. In Proceedings of the International Solid State Sensors and Actuators
Conference (Transducers '97), Chicago, IL, USA, 16-19 June 1997.

Huran, J.; Hotovy, L; Pezoltd, J.; Balalykin, N.I.; Kobzev, A.P. RF plasma deposition of thin amorphous silicon
carbide films using a combination of silan and methane. In Proceedings of the 2006 International Conference
on Advanced Semiconductor Devices and Microsystems, Smolenice Castle, Slovakia, 16-18 October 2006.



J. Funct. Biomater. 2020, 11, 33

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Iliescu, C.; Poemar, D.P. PECVD Amorphous Silicon Carbide (x-SiC) Layers for MEMS Applications.
In Physics and Technology of Silicon Carbide Devices; Hijikata, Y., Ed.; IntechOpen, 2012. Available
online:  https://www.intechopen.com/books/physics-and-technology-of-silicon-carbide-devices/pecvd-
amorphous-silicon-carbide-sic-layers-for-mems-applications (accessed on 1 December 2019).

Chen, Z.; Fares, C.; Elhassani, R.; Ren, F; Kim, M.; Hsu, S.-M.; Esquivel-Upshaw, J.F. Demonstration of
5i02/SiC-based protective coating for dental ceramic prostheses. . Am. Ceram. Soc. 2019, 102, 6591-6599.
[CrossRef]

Hsu, S.-M.; Ren, E; Chen, Z.; Kim, M.; Fares, C.; Clark, A.E.; Neal, D.; Esquivel-Upshaw, J.F. Novel Coating
to Minimize Corrosion of Glass-Ceramics for Dental Applications. Materials 2020, 13, 1215. [CrossRef]
Kolenbrander, PE.; Palmer, R.J.]J.r.; Periasamy, S.; Jakubovics, N.S. Oral multispecies biofilm development
and the key role of cell-cell distance. Nat. Rev. Microbiol. 2010, 8, 471-480. [CrossRef]

Ammons, M.C,; Tripet, B.P; Carlson, R.P; Kirker, K.R.; Gross, M.A; Stanisich, J.].; Copié, V. Quantitative NMR
metabolite profiling of methicillin-resistant and methicillin-susceptible Staphylococcus aureus discriminates
between biofilm and planktonic phenotypes. ]. Proteome Res. 2014, 13, 2973-2985. [CrossRef]

An, Y.H.; Friedman, R.J. Concise review of mechanisms of bacterial adhesion to biomaterial surfaces. J. Biomed.
Mater. Res. 1998, 43, 338-348. [CrossRef]

Katsikogianni, M.; Missirlis, Y.E. Concise review of mechanisms of bacterial adhesion to biomaterials and of
techniques used in estimating bacteria-material interactions. Eur. Cells Mater. 2004, 8, 37-57. [CrossRef]
[PubMed]

Vo, D.T.; Arola, D.; Romberg, E.; Driscoll, C.F,; Jabra-Rizk, M.A.; Masri, R. Adherence of Streptococcus
mutans on lithium disilicate porcelain specimens. J. Prosthet. Dent. 2015, 114, 696-701. [CrossRef]

Dal Piva, A.; Contreras, L.; Ribeiro, EC.; Anami, L.C.; Camargo, S.; Jorge ABottino, M.A. Monolithic Ceramics:
Effect of Finishing Techniques on Surface Properties, Bacterial Adhesion and Cell Viability. Oper. Dent. 2018,
43, 315-325. [CrossRef]

Kidd, E.A.; Fejerskov, O. What constitutes dental caries? Histopathology of carious enamel and dentin
related to the action of cariogenic biofilms. |. Dent. Res. 2004, 83, C35-C38. [CrossRef]

Hahnel, S.; Rosentritt, M.; Handel, G.; Biirgers, R. Influence of saliva substitute films on initial Streptococcus
mutans adhesion to enamel and dental substrata. J. Dent. 2008, 36, 977-983. [CrossRef]

Biirgers, R.; Gerlach, T.; Hahnel, S.; Schwarz, F.; Handel, G.; Gosau, M. In vivo and in vitro biofilm formation
on two different titanium implant surfaces. Clin. Oral Implants Res. 2010, 21, 156-164. [CrossRef]

Dagistan, S.; Aktas, A.E.; Caglayan, F.; Ayyildiz, A.; Bilge, M. Differential diagnosis of denture-induced
stomatitis, Candida, and their variations in patients using complete denture: A clinical and mycological
study. Mycoses 2009, 52, 266-271. [CrossRef]

Rosentritt, M.; Behr, M.; Biirgers, R.; Feilzer, A.]J.; Hahnel, S. In vitro adherence of oral streptococci to zirconia
core and veneering glass-ceramics. J. Biomed. Mater. Res. B Appl. Biomater. 2009, 91, 257-263. [CrossRef]
Quirynen, M.; Marechal, M.; Busscher, H.J.; Weerkamp, A.H.; Darius, PL.; Van Steenberghe, D. The
influence of surface free energy and surface roughness on early plaque formation. An in vivo study in man.
J. Clin. Periodontol. 1990, 17, 138-144. [CrossRef]

Quirynen, M.; Van der Mei, H.C.; Bollen, C.M.; Schotte, A.; Marechal, M.; Doornbusch, G.I; Naert, L;
Busscher, H.J.; Van Steenberghe, D. An in vivo study of the influence of the surface roughness of implants on
the microbiology of supra- and sub-gingival plaque. J. Dent. Res. 1993, 72, 1304-1309. [CrossRef]
Teughels, W.; Van Asche, N.; Sliepen, I.; Quirynen, M. Effect of material characteristics and/or surface
topography on biofilm development. Clin. Oral Impl. Res. 2006, 17, 68-81. [CrossRef] [PubMed]

Sun, T.; Guo, M.; Cheng, Y.; Ou, L.; He, P;; Liu, X. Graded Nano Glass-Zirconia Material for Dental 37.
Applications-Part II Biocompatibility Evaluation. J. Biomed. Nanotechnol. 2017, 13, 1682-1693. [CrossRef]
[PubMed]

Daguano, ] KM.B.; Milesi, M.T.B.; Rodas, A.C.D.; Weber, A.F.; Sarkis, ].E.S.; Hortellani, M.A.; Zanotto, E.D.
In vitro biocompatibility of new bioactive lithia-silica glass-ceramics. Mater. Sci. Eng. C Mater. Biol. Appl.
2019, 94, 117-125. [CrossRef] [PubMed]

Contreras, L.; Dal Piva, A.; Ribeiro, EC.; Anami, L.C.; Camargo, S.; Jorge, A.; Bottino, M.A. Effects of
Manufacturing and Finishing Techniques of Feldspathic Ceramics on Surface Topography, Biofilm Formation,
and Cell Viability for Human Gingival Fibroblasts. Oper. Dent. 2018, 43, 593—-601. [CrossRef] [PubMed]

192



J. Funct. Biomater. 2020, 11, 33

40.

41.

42.

43.

44.

45.

46.

47.

48.

Meier, R.; Hauser-Gerspach, 1.; Liithy, H.; Meyer, J. Adhesion of oral streptococci to all-ceramics dental
restorative materials in vitro. J. Mater. Sci. Mater. Med. 2008, 19, 3249-3253. [CrossRef]

Hahnel, S.; Leyer, A.; Rosentritt, M.; Handel, G.; Biirgers, R. Surface properties and in vitro Streptococcus
mutans adhesion to self-etching adhesives. J. Adhes. Den. 2009, 11, 263-269.

Bremer, E; Grade, S.; Kohorst, P.; Stiesch, M. In vivo biofilm formation on different dental ceramics.
Quintessence Int. 2011, 42, 565-574.

Hahnel, S.; Miihlbauer, G.; Hoffmann, J.; Ionescu, A.; Biirgers, R.; Rosentritt, M.; Handel, G.; Haberlein, 1.
Streptococcus mutans and Streptococcus sobrinus biofilm formation and metabolic activity on dental
materials. Acta Odontol. Scan. 2012, 70, 114-121. [CrossRef]

Zhu, B.; Macleod, L.C.; Kitten, T.; Xu, P. Streptococcus sanguinis biofilm formation & interaction with oral
pathogens. Future Microbiol. 2018, 13, 915-932.

Auschill, TM.; Arweiler, N.B.; Brecx, M.; Reich, E.; Sculean, A.; Netuschil, L. The effect of dental restorative
materials on dental biofilm. Eur. J. Oral Sci. 2002, 110, 48-53. [CrossRef] [PubMed]

Viitaniemi, L.; Abdulmajeed, A.; Sulaiman, T.; Soderling, E.; Nérhi, T. Adhesion and Early Colonization of S.
Mutans on Lithium Disilicate Reinforced Glass-Ceramics, Monolithic Zirconia and Dual Cure Resin Cement.
Eur. J. Prosthodont. Restor. Dent. 2017, 25, 228-234. [PubMed]

Pabst, A.M.; Walter, C.; Grassmann, L. Influence of CAD/CAM all-ceramic materials on cell viability, migration
ability and adenylate kinase release of human gingival fibroblasts and oral keratinocytes. Clin. Oral Investig.
2014, 18, 1111-1118. [CrossRef]

Daguano, ].K.; Rogero, S.O.; Crovace, M.C.; Peitl, O.; Strecker, K.; Dos Santos, C. Bioactivity and cytotoxicity
of glass and glass-ceramics based on the 3Ca0O-P,05-5i0,-MgO system. ]. Mater. Sci. Mater. Med. 2013, 24,
2171-2180. [CrossRef] [PubMed]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
BY

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

193






Journal of

Functional WVI\D\PH
2

Biomaterials

Article

Cerium Dioxide Particles to Tune Radiopacity of
Dental Adhesives: Microstructural and
Physico-Chemical Evaluation

Isadora Martini Garcia !, Vicente Castelo Branco Leitune !, Antonio Shigueaki Takimi 2,
Carlos Pérez Bergmann 3, Susana Maria Werner Samuel 1, Mary Anne Melo 45* and
Fabricio Mezzomo Collares -*

1 Dental Materials Laboratory, School of Dentistry, Federal University of Rio Grande do Sul, Rua Ramiro

Barcelos 2492, Rio Branco, Porto Alegre, RS 90035-003, Brazil; isadora.garcia@ufrgs.br (LM.G.);
vicente.leitune@ufrgs.br (V.C.B.L.); susana.samuel@ufrgs.br (S.M.W.S.)
Laboratory for Electrochemical Processes and Corrosion, Engineering School, Federal University of Rio
Grande do Sul, Bento Gongalves, 9500, Prédio 43427, Sala 216, Porto Alegre, RS 91501-970, Brazil;
antonio.takimi@gmail.com
Laboratory of Ceramic Materials, Federal University of Rio Grande do Sul, Avenida Osvaldo Aranha 99,
Porto Alegre, RS 90035-003, Brazil; bergmann@ufrgs.br
Division of Operative Dentistry, Department of General Dentistry, University of Maryland School of
Dentistry, Baltimore, MD 21201, USA
Ph.D. Program in Biomedical Sciences, University of Maryland School of Dentistry,
Baltimore, MD 21201, USA
*  Correspondence: mmelo@umaryland.edu (M.A.M.); fabricio.collares@ufrgs.br (EM.C.);

Tel.: +1-410-706-8705 (M.A.M.); +55-51-3308-6000 (EM.C.)

Received: 16 January 2020; Accepted: 6 February 2020; Published: 11 February 2020

Abstract: The insufficient radiopacity of dental adhesives applied under composite restorations makes
the radiographic diagnosis of recurrent caries challenging. Consequently, the misdiagnosis may lead
to unnecessary replacement of restorations. The aims of this study were to formulate experimental
dental adhesives containing cerium dioxide (CeO;) and investigate the effects of different loadings of
CeO; on their radiopacity and degree of conversion for the first time. CeO, was characterized by
X-ray diffraction analysis, Fourier transforms infrared spectroscopy, and laser diffraction for particle
size analysis. Experimental dental adhesives were formulated with CeO, as the inorganic filler with
loadings ranging from 0.36 to 5.76 vol.%. The unfilled adhesive was used as a control. The studied
adhesives were evaluated for dispersion of CeO, in the polymerized samples, degree of conversion,
and radiopacity. CeO, presented a monoclinic crystalline phase, peaks related to Ce-O bonding, and
an average particle size of around 16 pm. CeO, was dispersed in the adhesive, and the addition of
these particles increased the adhesives’ radiopacity (p < 0.05). There was a significant decrease in the
degree of conversion with CeO; loadings higher than 1.44 vol.%. However, all materials showed
a similar degree of conversion in comparison to commercially available adhesives. CeO, particles
were investigated for the first time as a promising compound to improve the radiopacity of the
dental adhesives.

Keywords: dental materials; dentistry; adhesives; light-curing of dental adhesives; composite resins;
methylmethacrylate; oxides; cerium; polymers; dentine bonding agents

1. Introduction

Currently, resin composites and dental adhesive systems are used in restorative dentistry as
primary direct restorative materials [1]. The failure of resin composites is mainly due to recurrent
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caries and fractures [2]. The diagnosis of recurrent caries underneath resin composite is a challenge for
dentists [3]. Recurrent carious lesions may not always be seen during a clinical examination at the
interface between the resin composite, and it requires radiographic evaluation for diagnosis [4,5].

Further, the application of adhesive systems can be seen radiographically as a radiolucent area,
which mimics the radiographic appearance of carious lesions [6]. The radiolucency of dental adhesives
can contribute to the misinterpretation of radiographic images [4,7,8]. Based on it, dentists may
intervene surgically in existing composite restorations, replacing the resin [9].

A previous report has assessed and demonstrated the lack of radiopacity on many restorative
dental materials [10]. In their results, all assessed materials were radiolucent and required alterations
to their composition to facilitate their detection using radiographic images. The radiopacity of dental
adhesives depends on their filler content, and it can be enhanced by incorporating elements with a
high atomic weight as inorganic fillers [11].

Cerium dioxide (CeO,), a rare-earth oxide found in the lanthanide series of the periodic table, has
been increasingly used as a nanotherapeutic material [12]. The numerous commercial applications
for CeO; also called ceria, include glass and glass polishing, phosphors, ceramics, catalysts, and
metallurgy [13]. Cerium is found in various minerals, and its primary deposits are located in the
United States (Florida and Idaho) and Brazil [14]. Interesting biological properties have been observed
for both nanometric and micrometric CeO, [15]. Thus, as further advancement in CeO,’s applications,
this compound has gained substantial interest in several innovative applications, mainly due to its
redox property and catalytic activity [15,16]. In the dental field, CeO, was primarily used for dental
ceramics since this compound stimulates the natural fluorescence found in human dental enamel [11].
The high atomic number 58 of cerium suggests that it can promote considerable attenuation of a dental
X-ray beam [17,18]. The incorporation of CeO, in adhesives can be a valuable strategy to promote
radiopacity and improve the detection of dental adhesives underneath resin composites. Therefore, the
aims of this study were to formulate experimental dental adhesives containing CeO, and investigate
the effects of different loadings of CeO, on their radiopacity and degree of conversion for the first time.

2. Results

Figure 1 shows the results of CeO, particles’ characterization. In Figure 1A, the X-ray diffraction
analysis of the powder shows the crystallinity pattern of a monoclinic phase of CeO, (powder diffraction
file, ICDD-PDF 37-1468). In Figure 1B, the chemical composition analyzed by Fourier Transform
Infrared Spectroscopy (FTIR) displays the peaks related to Ce-O bonds at 400 cm™'. Figure 1C,D
presents the results of size distribution analysis. The histogram shows a non-normal distribution
of size (Figure 1C). The 10th percentile showed a particle diameter of 1.15 um. The median (50th
percentile) was 14.98 um, the 90th percentile was 31.32 um, and the mean particle size was around
16 um (Figure 1D).

Figure 2 presents the qualitative assessment via micro-Raman of the materials’ surfaces containing
0.36 (A) and 0.76 (B) vol.% of CeO,. The image consists of a 2-D array of measured spectra, which means
that the distribution of the chemical composition can be investigated. After mapping the polymer’s
surfaces, the integration of the corresponding CeO, peak (464 cm™!) was used for analysis and graphs
generation. In the graphs, from blue to yellow, more CeO; is identified. It was observed that the higher
the load of CeO; in the resin, the larger the area under the curve (peak) in micro-Raman spectra for
this oxide, generating more yellow regions in the graph. In these analyses, more areas in yellow were
presented in the adhesive with 0.76 vol.% of CeO, in comparison to the group with 0.36 vol.%.
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Figure 1. CeO, particles’ characterization: (A) X-ray diffraction analysis shows the pattern of the
monoclinic phase of crystallinity for CeO,; (B) FTIR analysis displays the peaks related to Ce-O bonds at
400 cm™?; (C) and (D) show the non-normal distribution size of CeO, and the values of size distribution.
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Figure 2. Micro-Raman analysis of the dental adhesive surfaces containing 0.36 (A) and 0.76 (B) vol.%
of CeO,. Both images display the intensity of the CeO, peak at 464 cm™!. The higher the load of CeO,
in the dental adhesive, the more areas in yellow are observed.

Figure 3 indicates the results of the radiopacity of each experimental adhesive resin containing a
different percentage of volume fraction of CeO,. In Figure 3A, an illustrative radiograph displays the
location of the dental adhesive layer underneath the composite restorative material. The arrows indicate
the radiolucent areas corresponding to the adhesive layer. The difference of radiopacity between the
composite resin and the adhesive layer can be clearly observed. In Figure 2B, the mean and standard
deviation of radiopacity is expressed in mm of aluminum. The control group, which is an unfilled
adhesive, showed the lower mean value of radiopacity, without statistical difference for the groups
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with 0.36 vol.% and 0.72 vol.% of CeO,. From the addition of 1.44 vol.% of CeO,, there was increased
radiopacity of the adhesive in comparison to the control group (p < 0.05). The group with 5.76 vol.%
of CeO, showed the highest value of radiopacity among all groups (p < 0.05). The incorporation of
4.32 vol.% and 5.76 vol.% presented values of more than 1 mm of aluminum.
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Figure 3. The dental radiograph displays the layer of dental adhesive applied under the composite
resin (A) The arrows guide the visualization of the radiolucent adhesive layer. (B) The radiopacity
of the experimental dental adhesives according the to the increasing concentration of cerium oxide.
Different letters indicate statistical differences among groups (p < 0.05).

Figure 4 shows the results of the degree of conversion analysis of the experimental dental adhesives.
The uncured adhesive samples were directly dispensed on the attenuated total reflection (ATR) device
of FTIR to analyze the conversion of carbon-carbon double bonds in the aliphatic chain. The values
ranged from 61.52 (+0.33) % for the control group to 47.90 (+1.64) % for 5.76 vol.% of CeO,. From the
incorporation of 2.88 vol.% of CeO,, the degree of conversion reduced in comparison to the control

group (p < 0.05). The lowest value of the degree of conversion was found for the highest load of CeO,
incorporated in the adhesive (p < 0.05).
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Figure 4. Degree of conversion of the experimental dental adhesives containing CeO,. Different letters
indicate statistical differences among groups (p < 0.05).
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3. Discussion

In this in vitro study, CeO, particles were explored as potential radiopacifier for dental adhesives
since high atomic weight and density can provide a suitable level of radiopacity. CeO, was first
chemically characterized by XRD, Raman, and FTIR to be incorporated for the first time in a dental
adhesive resin. In the current investigation, CeO, successfully increased the radiopacity of the adhesive,
maintaining a suitable degree of monomer conversion.

CeO; particles used in this study presented a monoclinic crystalline phase with particular
chemical groups and the average particle size of around 16 um. This oxide was incorporated in an
experimental adhesive resin formulated as previously reported, with conventional dental methacrylate
monomers [19,20]. The presence of a radiopacifying agent is essential to enable the identification of
restorative materials and dissimilarity from pathological processes in the adjacent areas [21]. Recurrent
caries and marginal gaps are very often the reasons for the replacement of composite restorations [22].
The misdiagnosis and treatment decision for unnecessary replacement of restorations lead to additional
loss of sound tooth tissue, with an increased cost and discomfort for the patient [23]. Therefore, the
restorative materials should have optimal radiopacity for accurate radiographic differentiation for
existing restorations and recurrent dental caries, supporting clinical follow-ups. Substantial changes in
radiopacity are compulsory by the International Organization for Standardization (ISO) for dental
restorative materials [24]. The compliance with the ISO 4049 requires a minimum radiopacity of
restorative materials higher than that of dentin and greater or equivalent thickness of aluminum
(with >98% purity) [24]. In the present study, the increased load of CeO,, by the percentage of
volume, was added to an experimental dental adhesive, providing a material with proper radiopacity.
Our results have shown that CeO; at 4.32 vol.% had radiopacity higher than 1 mm of Al

Besides the increase of radiopacity, the addition of inorganic fillers in monomeric blends may
improve polymers properties, such as the elastic modulus, tensile strength, fracture toughness, Knoop
hardness, and stability against solvents [25]. However, the higher filler addition can also decrease
the degree of monomer’s conversion [19]. The degree of conversion is a valuable chemical property
for polymers, and it may be associated with the stability of the restoration over time [20]. Therefore,
a reliable polymerization is desired for adhesive resins to reduce hydrolytic degradation in the clinical
setting [26,27]. Here, we observed that the incorporation of CeO; at a load that reaches the high
radiopacity level reduced the degree of conversion of the dental polymer. Previous studies have
reported similar outcomes in the investigations of radiopacifying agents containing different kinds of
heavy metals [28]. Marins et al. [29] evaluated the addition of niobium pentoxide (Nb,Os) nanoparticles
to the dental adhesive as radiopacifiers and observed that the degree of conversion decreased with the
addition of particles at percentage mass fraction equal or greater than 10%. In other studies, Nb,O5
and TayOs showed a decrease in the degree of conversion up to 5 wt.% [19,20]. Our results are also in
agreement with those of Amirouche-Korichi et al. [28], where progressive decreases of the degree of
conversion were linearly related to the filler contents.

The outcome observed for the degree of conversion may be attributed to the high refractive index
of CeO, (approx. 1 = 2.2 to 2.8) [30], which may have decreased the accessibility of light energy inside
the polymer. The limited mobility of monomer chains by the incorporation of the opaque fillers has also
been considered as a contributing factor for the decrease in the monomer’s conversion [31]. Another
consideration for observed decay in the degree of conversion with regard to the dental adhesive with
loadings higher than 2.88 vol.% relies on particle size. The fillers used in our study are micro fillers
with an average size of around 16 pm. Previous reports support the effect of particle size in microns
and highlight that the volume occupied by the particles may compromise the polymerization rates
of the material [32-34]. Further evaluation of the polymerization behavior of nanosized CeO; could
be interesting to address this subject. Moreover, it would be noteworthy to evaluate the effect of
micro-sized CeO, in the adhesive with thinner samples or in situ in dentin.

Moreover, we suggest further biological studies on dental adhesives containing CeO, in micro
and nanoscale, since this oxide has emerged as a noteworthy agent for bioactive (such as scaffolds and
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bioglasses) and antimicrobial materials [35-37]. In this context, a dental adhesive with such properties
could be a promising strategy to assist in decreasing the incidence of recurrent caries and improving the
remineralization process after selective removal of carious dentin. In this study, despite the decreased
degree of conversion observed by increasing CeO, addition, all groups showed values around 50%,
which is in accordance with commercial dental adhesives [38]. Therefore, CeO, may be a promising
alternative filler for biopolymers.

4. Materials and Methods

4.1. X-ray Diffraction Analysis of CeO,

CeO; particles purchased were analyzed via X-ray diffraction to detect the crystalline phases of
the powder. diffractometer (PW 1730/1 model, Philips, Santa Clara, CA, USA) was operated at 40 kV
and 40 mA with CuKa radiation. The scanning rate used was 0.058/min, with 2 s of time-steps at 0.02°
each, from 5° to 60° [18].

4.2. FTIR Analysis of CeO;

Fourier Transform Infrared Spectroscopy (FTIR) was used to chemically characterize the powder
of CeO,. The analysis was performed using the spectrophotometer Vertex 70 (Bruker Optics, Ettlingen,
Germany) with an attenuated total reflectance device (ATR). CeO, powder was placed on the ATR,
and the analysis performed using 20 scans, 4 cm™" of resolution in 5000 to 400 cm~! and Opus 6.5
software (Bruker Optics, Ettlingen, Germany).

4.3. Particle Size Distribution of CeO,

CeO; particles were dispersed in water with sonication for 60 s. Then, particle size was analyzed
via laser diffraction particle size analyzer (CILAS 1180, Cilas, Orleans, France) according to a previous
study [18].

4.4. Preparation of Dental Adhesives

The adhesive resins were formulated by mixing 50 wt.% bisphenol A glycol dimethacrylate (BisGMA),
25 wt.% triethylene glycol dimethacrylate (TEGDMA), and 25 wt.% 2-hydroxyethyl methacrylate
(HEMA). As a photoinitiator system, camphorquinone and ethyl 4-dimethylaminobenzoate were
added at 1 mol%, each one in the base resin. As polymerization inhibition, 0.01 wt.% of butylated
hydroxytoluene was incorporated. CeO, was added at 0.36, 0.72, 1.44, 2.88, 4.32, and 5.76 vol.%.
The resins adhesives were hand-mixed for 5 min, sonicated during 180 s, and hand-mixed again for
5 min. One group without CeO, was used as control.

4.5. Qualitative Analysis of CeO; into Dental Adhesives

To identify the presence of CeO, in dental adhesives, two groups containing this filler were
evaluated via micro-Raman Spectroscopy (Senterra, Bruker Optics, Ettlingen, Germany). One sample
from the group with 0.36 vol.% and another from the group with 5.76 vol.% were prepared using a
polyvinylsiloxane mold. The samples were photoactivated for 20 s on each side using a light-emitting
diode dental curing unit (Radii Cal, SDI, Melbourne, Australia) with 1200 mW/cm?. An area of
110 um X 110 pm of the surfaces was analyzed via Opus 7.5 software (Opus 7.5, Bruker Optics,
Ettlingen, Germany). The analyses were performed with a wavelength of 785 nm, with 5 s and two
co-additions. The peak correspondent to CeO, (464 cm™1) was used for integration.

4.6. Radiopacity Evaluation

The adhesive resins were evaluated for their radiopacity, according to the International
Organization of Standardization (ISO) 4049/2009 guidelines [24]. Five samples per group (n = 5)
with disc-shaped were prepared with 10.0 mm (+0.5 mm) in diameter and 1.0 mm (+0.1 mm) in
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thickness with photoactivation for 20 s on each side. The images were made using a phosphor plate for
the digital system (VistaScan; Diirr Dental GmbH & Co. KG, Bietigheim-Bissingen, Germany) at 70 kV,
8mA, and 0.4 s of exposure time. A focus-film distance of 400 mm was used in the assays. One specimen
per group was positioned on the film for each X-ray exposition. An aluminum step-wedge (99.12 wt.%
of aluminum, thickness from 0.5 mm to 5.0 mm, in increments of 0.5 mm) was exposed with the
samples for each image specimens in all images. The images were saved in TIFF, analyzed using
Photoshop software (Adobe Systems Incorporated, San Jose, CA, USA), and the mean and standard
deviation of the grey levels (pixel density) were measured.

4.7. Degree of Conversion

To analyze the degree of conversion of the adhesives, FTIR-ATR was used according to a previous
study [39]. Three drops per group (n = 3, 3 uL each one) were directly dispensed on ATR diamond
crystal. An adjustable holder stand was used to fix the light-curing unit and to standardize the
distance between its tip and the top of the samples. Two spectra were acquired per group from 4000 to
400 cm ™! with a resolution of 4 cm™. The first spectrum was obtained before the photoactivation. Then,
the samples were photoactivated for 20 s and analyzed again. To calculate the monomer conversion,
the peak related to the carbon-carbon (C=C) double bond in the aromatic ring of BisGMA (1610 cm™?)
was used as an internal standard. The peak related to C=C in the aliphatic chains (1640 cm™!) was
used along with the C=C at 1610 cm™! according to the following equation:

1_1640 — cured/1_ 1610 — cured
I_1640 — uncured /I_1610 — uncured

Degree of conversion (%) = 100 X (

4.8. Statistical Analysis

CeO; characterization was descriptively analyzed, as well as the identification of CeO; in the
polymerized adhesives. Shapiro-Wilk test was used to evaluate the data normality. The data of
radiopacity was evaluated via ANOVA on ranks and Dunn’s test. The data of the degree of conversion
was analyzed via one-way ANOVA and Tukey’s post-hoc test. Both analyses were performed at 0.05
level of significance (p < 0.05).

5. Conclusions

CeO, was investigated for the first time as a promising filler to improve the radiopacity of
dental adhesives. The particles were chemically analyzed and then used in experimental adhesives
formulation. Through of incorporation of CeO, particles at 1.44 vol.%, the dental adhesives were
able to show increased radiopacity and a proper degree of conversion. The restorative materials here
proposed could be a reliable strategy to assist clinicians diagnose recurrent caries.
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Abstract: The aims of this study were to evaluate the physicochemical and
mechanical properties, antimicrobial (AM) functionality, and cytotoxic potential of novel
dental polymers containing quaternary ammonium and trimethoxysilyl functionalities
(e.g., N-(2-(methacryloyloxy)ethyl)-N,N-dimethyl-3-(trimethoxysilyl)propan-1-aminium iodide
(AMgjj1) and N-(2-(methacryloyloxy)ethyl)-N,N-dimethyl-11-(trimethoxysilyl)Jundecan-1-aminium
bromide (AMgjp)). AMgn or AMgp were incorporated into light-cured (camphorquinone
+ ethyl-4-N,N-dimethylamino benzoate) urethane dimethacrylate (UDMA)/polyethylene
glycol-extended UDMA/ethyl 2-(hydroxymethyl)acrylate (EHMA) resins (hereafter, UPE resin)
at 10 or 20 mass %. Cytotoxic potential was assessed by measuring viability and metabolic activity
of immortalized mouse connective tissue and human gingival fibroblasts in direct contact with
monomers. AM;—UPE resins were evaluated for wettability by contact angle measurements and
degree of vinyl conversion (DVC) by near infra-red spectroscopy analyses. Mechanical property
evaluations entailed flexural strength (FS) and elastic modulus (E) testing of copolymer specimens.
The AM properties were assessed using Streptococcus mutans (planktonic and biofilm forms) and
Porphyromonas gingivalis biofilm. Neither AMg; exhibited significant toxicity in direct contact with cells
atbiologically relevant concentrations. Addition of AMg;;s made the UPE resin more hydrophilic. DVC
values for the AM;—UPE copolymers were 2-31% lower than that attained in the UPE resin control.
The mechanical properties (FS and E) of AM;—~UPE specimens were reduced (11-57%) compared to
the control. Compared to UPE resin, AMgj;;—UPE and AM;p—UPE (10% mass) copolymers reduced
S. mutans biofilm 4.7- and 1.7-fold, respectively (p < 0.005). Although not statistically different, P.
gingivalis biofilm biomass on AMg;—UPE and AM AM;;,—UPE copolymer disks were lower (71%
and 85%, respectively) than that observed with a commercial AM dental material. In conclusion,
the AM function of new monomers is not inundated by their toxicity towards cells. Despite the
reduction in mechanical properties of the AM;—UPE copolymers, AM;); is a good candidate for
incorporation into multifunctional composites due to the favorable overall hydrophilicity of the
resins and the satisfactory DVC values attained upon light polymerization of AMgjj-containing
UDMA/PEG-U/EHMA copolymers.

Keywords: antimicrobial effect; biofilms; cytotoxicity; dental resins; physicochemical properties;
mechanical properties; quaternary ammonium methacrylates
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1. Introduction

As people live longer and retain more of their own teeth, the incidence of dental caries, especially
root caries, increases. Currently, the prevalence of root caries in older adults ranges from 29% to
89% [1]. The expected aging of the population will further increase root caries occurrences. Therefore,
implementing more effective prevention strategies and/or developing new treatments for root caries is
prudent. Often, compromised integrity of the conventional restorative/tooth interface [2,3] ultimately
results in bacterial microleakage and secondary caries. Class V restoratives may release fluoride
ions which, at adequate concentrations, protect teeth from demineralization and possibly contribute
to regeneration of mineral lost to caries. Fluoride release, however, does not provide an effective
antimicrobial (AM) protection, although fluoride can have some AM properties [4,5]. The majority
of the contemporary dental restoratives do not possess substantial AM properties [6] verifiable in
clinical trials [7]. To improve the longevity of repair, the restorative material should be AM. Adding
AM function to dental materials typically focuses on release/slow release of various low molecular
weight AM agents [5,8-15]. However, mechanism(s) of their actions are elusive, and there are concerns
about their toxicity to human cells, the development of tolerances (in the case of antibiotics), and
long-term efficacies. Moreover, the release of these agents can compromise mechanical performance of
the restoratives and, if the dose or release kinetics are not properly controlled, can induce toxicity to
the surrounding tissues [16].

Antimicrobial polymeric materials with quaternary ammonium (QA) salts have been widely
applied to a variety of antimicrobial-relevant areas (reviewed by [17,18]). QA methacrylates are known
for their AM action against both Gram-positive and Gram-negative bacteria. Studies have indicated
that QA compounds destroy bacterial cell membrane integrity and eventually lead to cell death [19-21].
The proposed mechanism of action is the electrostatic interaction between positively charged molecules
and negatively charged microbial cell membranes. So far, QA methacrylates have not been successfully
incorporated into dental restorative(s) to yield a sustained AM function [22]. Historically, the most
attention has been given to methacryloyloxydodecyl pyrimidinium bromide (MDPB) and its acrylamide
copolymer [6,23]. MDBP has been commercialized and suggested to be potentially applicable to
various restoratives. However, due to their poor color stability, MDBP-based materials can only be
used for aesthetically inferior restorations. To widen the utility of QAs in restorative dentistry, various
QAs have been formulated into bonding agents and dental resin composites [20,24-26]. Successful
incorporation of these new AM QAs into polymeric phases of composite materials would be a major
step in creating new Class V restoratives that are clinically effective against secondary caries. We are
advancing the development of Class V restorative materials by introducing bioactive amorphous
calcium phosphate (ACP) filler into polymer-based restorative in parallel to the AM monomer, thus
creating a multifunctional AM and remineralizing materials (hereafter AMRE). ACP has been indicated
as a precursor to hydroxyapatite formation both in vitro and in vivo [27-33]. ACP also exhibited
favorable in vivo osteoconductivity compared to hydroxyapatite [34]. Based on our group’s knowledge
of ACP chemistry and our understanding of structure/composition/property relationships existing in
ACP polymeric systems [35-39], we have undertaken a task to formulate AMRE polymeric composites
that maintain a desired state of supersaturation with respect to hydroxyapatite and efficiently restore
mineral-depleted tooth structures while providing sustained AM protection. Prior to formulating
AMBRE composites, it is essential to evaluate the AM-containing resins (no ACP filler) to establish the
effect of AM monomers on basic biological, physicochemical, and mechanical properties of copolymers.

AMg; syntheses and subsequent validation protocols of novel dental monomers containing QA
and trimethoxysilyl functionalities are described in detail by Okeke et al. (2019) [40]. The motivation for
synthesizing AMg;j;1 and AMg;; was to develop coupling agents capable of conferring the AM properties
and coupling with both ACP phase and polymer phase of Class V resin-based composites. This study
reports on the incorporation of these two polymerizable QA monomers with different alkyl chain
lengths (e.g., N-(2-(methacryloyloxy)ethyl)-N,N-dimethyl-3-(trimethoxysilyl)propan-1-aminium iodide
(AMgij1) and N-(2-(methacryloyloxy)ethyl)-N,N-dimethyl-11-(trimethoxysilyl)undecan-1-aminium
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bromide (AMj;p)) (Figure 1) into UDMA/poly(ethylene glycol)-extended UDMA (PEG-U)/ethyl
2-(hydroxymethyl) acrylate (EHMA) resins (hereafter UPE resin) and the biological, physicochemical,
and mechanical screening of AM-UPE copolymers. Working hypotheses were that AMg;; monomers
will show minimal or no toxicity towards immortalized mouse subcutaneous connective tissue
fibroblasts (CCL1) or human gingival fibroblasts (HGF) and that AM;—UPE copolymers will have
similar physicochemical and mechanical properties compared to the parent UPE copolymers. AMgjj;—
and AM,—UPE copolymers were assessed for their AM activity against Streptococcus mutans and
Porphyromonas gingivalis, which are model microorganisms for dental caries [41,42] and periodontal
disease [43,44], respectively.
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Figure 1. Skeletal structural formulas of AMg;; (a) and AMg, (b) monomers.
2. Results

2.1. Structural Verification of AMg;s

The AMjy; structures were verified by H and 3C NMR (Tables 1 and 2). In brief, both H
and '3C NMR spectra of AMg;s confirmed the successful quaternization of 2-(dimethylamino)ethyl
methacrylate (DMAEMA) precursor. By performing the syntheses in chloroform, methoxy groups of
(3-iodopropyl)trimethoxy silane (IPTMS) and (11-bromoundecyl)trimethoxy silane (BrUDTMS) were
protected from hydrolysis to which they are prone in aqueous environment.

Table 1. Assignments of 13C and 'H NMR chemical shifts of AMgjjq.

Atom # 13C Chemical Shift, ppm  'H Chemical Shift, ppm  #of H's Signal Splitting
1 126.6 (CH,) 5.77,6.09 1,1 singlets
2 135.3 (C) 0
3 17.8 (CH3) 1.92 3 singlet
4 165.8 (C) 0
5 58.0 (CHjy) 4.52 2 multiplet
6 61.7 (CHy) 3.70 2 multiplet
7,8 50.6 (CHz) 3.09 6 singlet
9 65.9 (CHy) 3.34 2 multiplet
10 15.6 (CH,) 1.72 2 multiplet
11 5.2 (CHy) 0.54 2 multiplet
12,13, 14 50.1 (CH3) 3.51 9 singlet

Atom numbering is illustrated in Figure 1.
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Table 2. Assignments of 13C and 'H NMR chemical shifts of AM,.

Atom # 13C Chemical Shift, ppm 'H Chemical Shift, ppm #of H's Signal Splitting
1 126.5 (CHy) 5.76, 6.08 1,1 singlets
2 135.3 (C) 0
3 17.8 (CHj) 191 3 singlet
4 165.8 (C) 0
5 58.1 (CHy) 4.52 2 multiplet
6 61.6 (CHy) 3.70 2 multiplet
7,8 50.4 (CH3) 3.09 6 singlet
9 63.8 (CHj) 3.36 2 multiplet
10 21.7 (CHy) 1.67 2 multiplet
22.1,25.7,28.4,28.6,28.7, .
11-18 28.8,28.9,32.3 (CHy) 1.25 16 multiplet
19 8.6 (CHyp) 0.57 2 multiplet
20,21,22 49.9 (CH3) 3.46 9 singlet

Atom numbering is illustrated in Figure 1.

2.2. Biocompatibility Testing

2.2.1. AMgy

AMgi concentration did not exert a statistically significant effect on the viability of CCL1 cells
(Figure 2). However, the exposure time reduced the number (1.2-fold difference of mean, p < 0.002) of
live cells. Similarly, AMg;j; concentration did not affect the metabolic activity of CCL1 cells. Time of
exposure had a modest effect (p < 0.02) on CCL1 metabolic activity, although no significant paired
comparisons (within each concentration) were observed.
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Figure 2. Percent control value of viability (a) and metabolic activity (b) of CCL1 cells exposed to 2-fold
serial dilutions of AMgjj; (<8.34 mmol/L) for 24 or 72 h. Data represent mean + standard error for five
independent replicates tested in triplicate.

Independent of time, AM;; concentration exerted a main effect (p <0.001) on the number of viable
HGFs (Figure 3). Paired comparisons indicated that at lower AMgjj; concentrations (<0.13 mmol/L),
the number of live HGFs decreased. Independent of AMg;); concentration, exposure time reduced
(19.73 difference of means, p < 0.001) HGF viability. Monomer concentration or time of exposure did
not statistically affect the metabolic activity of HGF cells (data not shown).
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Figure 3. Percent control value of viability of human gingival fibroblast (HGF) cells exposed to 2-fold
serial dilutions of AMg;); (<8.34 mmol/L) for (a) 24 h or (b) 72 h. Data represent mean + standard error
for five independent replicates tested in triplicate.

2.2.2. AMgp

Regardless of time, AMg;p concentration exerted a main effect (p < 0.001) on the number of
viable CCL1s (Figure 4). Paired comparisons indicated that at 24 h exposure, CCL1 cells exposed to
>3.64 mmol/L were lower (p < 0.05) than the number of live cells exposed to all lower concentrations.
At 72 h exposure, the percentage of live CCL1 cells exposed to >1.82 mmol/L AMg;;; was at least 3- to
4-fold lower (p < 0.001) compared to all concentrations < 0.91 mmol/L.

Like cell viability, AMg;j» concentration exerted an effect (p < 0.001) on CCL1 metabolic activity.
Viability and metabolic activity of CCL1 cells exposed to AMgj, showed a strong positive linear
correlation at 24 h (R? = 0.91, p <0.0005) and 72 h (RZ2=0.93, p <0.0005) (data not shown).

AMg;ipp exhibited a concentration effect (p < 0.001) on HGF cell viability (Figure 5). Paired
comparisons indicated that exposure to >1.82 mmol/L. AMgjj, reduced the number of live HGFs by
more than 3-fold (p < 0.05) compared to the control group. When considering the effect of time
regardless of AMgjj, concentration, the number of live cells was consistently lower (~23% difference of
means). Like viability, AMgj» concentration exhibited an effect (p < 0.001) on HGF metabolic activity.
At 24 and 72 h, viability and metabolic activity of HGF cells exposed to AMg;j» showed a positive linear
correlation (R? = 0.94; (p < 0.0005) and R? = 0.77; (p < 0.001), respectively) (data not shown).
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Figure 4. Percent control value of viability of CCL1 cells exposed to 2-fold serial dilutions of AMgj»
(<7.28 mmol/L) for 24 or 72 h. Data represent mean + SEM for five independent replicates tested in
triplicate. * indicates p < 0.05 when compared to concentrations < 0.91 mmol/L within the same time
period. + indicates p < 0.05 when compared to 0.455, 0.228, or 0.114 mmol/L concentrations within
same time period.
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Figure 5. Percent control value of viability of HGF cells exposed to 2-fold serial dilutions of AMgj»
(<7.28 mmol/L) for 24 h or 72 h. Data represent mean + SEM for five independent replicates tested in
triplicate. + indicates p < 0.05 when compared to concentrations < 0.455 mmol/L within same time
period. * indicates p < 0.05 when compared to concentrations < 0.91 mmol/L within same time period.
" indicates p < 0.05 when compared to concentrations < 0.114 mmol/L within same time period. $
indicates p < 0.05 when compared to concentrations < 0.228 mmol/L within same time period.

For both AMg;;s, control wells (with or without cells) in which the tetrazolium salt reagent was
omitted resulted in negligible optical density values. Positive control wells containing unexposed cells
(i.e.,, no AMgs) that were given an equal volume of culture medium were not significantly different
from cells that were previously treated with the viability stain (data not shown).

2.3. Hydrophobicity/Hydrophilicity of the Resins

Copolymers comprised of UPE resin with added AMg;s generally exhibited lower contact angles
(CAs) (Figure 6), suggesting change in their hydrophilic/hydrophobic balance toward more hydrophilic
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surfaces. At 10 mass % monomer in the resin, CAs of both AM;;;—UPE and AMg;;,—UPE copolymers
(46.9 +£5.9° and 37.4 + 9.2°, respectively) were significantly lower (23% and 38% reduction, respectively;
p < 0.01) than the CA of the UPE control 60.8 + 5.1°. The apparent increase in the CA in going
from 10% to 20% AMg; in the resin was significant only for AMg;; (p < 0.035). The overall order
of the decreasing relative hydrophilicity (evidenced by the increasing CA values) of the examined
UPE-based copolymers was as follows: (10% AMgjp—UPE > 10% AMg;—UPE) > (20% AMg;p-UPE =
20% AMg;1-UPE) > UPE control.

70
60
50
40
30
20
10

Contact angle/®

UPE 10% 20% 10% 20%
control  AMsill  AMsill  AMsil2 AMsil2
Figure 6. The contact angle (CA) values of AMg;;—-UPE and UPE control indicative of the changes in
resin’s overall hydrophilicity/hydrophobicity upon introduction of AMg; monomers at 10 and 20 mass
% relative to UPE. Shown are mean values + standard deviation of four repetitive measurements in
each experimental group.

2.4. Effect of AMg;is on Degree of Vinyl Conversion (DVC)

Introduction of 10% and 20% AMgjj; into UPE reduced (p < 0.05) the mean vinyl moiety conversion
upon photopolymerization by 31% and 20%, respectively (Figure 7). No significant effect was observed
with the increasing levels of AMg;); in the resin. Although reduced, the DVC observed amongst the
AMg;jp groups was not statistically different from one another or the UPE control group.
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Figure 7. The values for degree of vinyl conversion (DVC) attained 24 h post-cure in AM;—-UPE
copolymers compared to no-AM UPE control. Shown are mean values + standard deviation of three
repetitive measurements.

2.5. Mechanical Properties of AM,;—UPE Copolymers

The FS and E of AM;—-UPE copolymers were, generally, diminished compared to the UPE resin
control (Figure 8). The extent of reduction in FS and E varied with the type and the concentration
of AMgj. In all AM;—UPE formulations, the FS values were significantly (p < 0.05) lower than the
UPE control counterparts. In both 10 mass % AMg; formulations, the E was reduced, although not
statistically significant. At 20 mass %, the E of both AMg; formulations were notably lower (p < 0.0008)
than the UPE resin control. Both FS and E reductions ranged from moderate (11-13%) for 10 mass %
AMg; formulations to substantial (25-57%) for 20 mass % AMg; formulations.
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Figure 8. (a) Flexural strength and (b) tensile elasticity of AM;—-UPE copolymers in comparison with
the UPE control. Indicated are mean values + standard deviation of three specimens.

2.6. Bacterial Testing

For planktonic bacterial testing, the number of S. mutans colony-forming units/mL observed
amongst the AMg; groups were not statistically different from one another or the control groups
(UPE only and commercial control). However, compared to UPE resin, AMg;j;;—-UPE and AM;;,—UPE
(10% mass) copolymers reduced the colonization of S. mutans biofilm 4.7- and 1.7-fold, respectively
(p <0.002) (Figure 9). S. mutans biofilms exposed to AM;j;;—UPE were at least 2.8-fold lower (p < 0.005)
than that observed with AMg;,—UPE.
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Figure 9. Streptococcus mutans biofilm growth inhibition by the experimental AMg;s—-UPE (10 mass
%) copolymers compared to UPE control resin. Bar height indicates mean + standard deviation of 5
specimens/group.
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P. gingivalis biofilm biomass on copolymer disks exposed to AM;;—UPE and AM;;,—UPE were
lower (71% and 85%, respectively) than that observed with the commercial control, albeit not statistically
different (p < 0.07) (Figure 10).
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Figure 10. Porphyromonas gingivalis biofilm growth inhibition by the experimental AMg;s—-UPE (10
mass %) copolymers compared to UPE control resin. Bar height indicates mean + standard deviation of
5 specimens/group.

3. Discussion

We considered cytotoxicity of any AM monomer to be a major determinant of whether the materials
that incorporate the monomer in their resin phase are worthy of further study. We believe that direct
contact cellular testing of the new agent must be done at biologically relevant eluent concentrations. In
this study, we employed conditions that reflect the accelerated leachability of UPH resins and included
AMg; concentrations that significantly exceed the upper thresholds established experimentally in the
previous work [45]. The direct toxicity of AMg;s towards CCL1 cells and/or HGFs was demonstrated to
be marginal or undetectable, except at the higher concentrations of monomers tested. These high AMg;
levels correspond to unrealistically high levels of the unreacted monomers and are highly unlikely to
ever be registered clinically. Our cytotoxicity results support the basic hypothesis of the study and
suggest that, from a biotoxicity viewpoint, AMg;s can be safely utilized in design of AM new materials.
Leachability studies of AM-UPE formulations employing high-performance liquid chromatography
are currently underway in our laboratory, and are expected to confirm the conclusions derived from
the tests based on the accelerated UPH leachability study.

Upon introduction of AMg; into the UPE resin, a shift towards lower CA values, consistent
with the moderate increase in the overall hydrophilicity, was seen in all AM;—UPE formulations.
The detected range of CAs in AMg;—UPE resins (37.4-53.3°) correlates very well with the range of
CAs typical for the commercial resin composites (37.4-53.3°) [46]. The lowest CAs detected in 10%
AM;ip—-UPE formulation make this resin a good candidate for the incorporation of the ACP filler
in future design of AMRE composites. ACP-filled composite requires sufficient water absorption
to initiate water-catalyzed transformation of ACP during which the remineralizing calcium and
phosphate ions are released, by diffusion, into surrounding mineral-deficient tooth structures. There,
they regenerate these mineral-depleted structures via redeposition of hydroxyapatite [47]. Taken
together, the enhanced wettability should ease a diffusion of water into AMRE composite and result in
the subsequent release of calcium and phosphate ions from the composite needed for demineralization
prevention and/or active remineralization at the restoration site.

The range of DVC values attained in AM;;—UPE copolymers (60.7-86.7%), dependent on both
the monomer type and its quantity in the resin, were higher or equal to the DVC reported for
2,2-bis[p-(2-hydroxy-3-methacryloxypropoxy)phenyl]propane (bis-GMA)-based resins/composites
with incorporated QA ionic dimethacrylate (67.9-70.7%) [25]. AMg;, copolymers reached significantly
higher DVC values (75.2-86.7%) compared to their AMg;jy counterparts (60.7-70.9%). In AM;;,—UPE
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formulations, the inclusion of AM monomer apparently did not affect the high levels of DVC typically
seen in UDMA-based resins [35,36]. This phenomenon has been attributed to the chain transfer
reactions caused by UDMA’s -NH- groups, resulting in increased mobility of the resin network’s
radical sites [48]. The DVCs attained in AM;,—UPE copolymers suggest limited mobility of cross-linked
polymer matrix, thus reducing the likelihood of unreacted monomers leaching out to a minimum.
The observed DVC decrease in AMg;1-UPE formulations compared to those of AM,—UPE is yet to
be explained.

The results of FS and E tests indicated a reduction of the copolymers” mechanical properties
in going from the UPE control to 10% AMgs;—UPE to 20% AM;s;—UPE. The reduction was far more
pronounced in AMgjj; series (50%) compared to the AM;)p series (15%). This overall reduction in
mechanical properties, particularly in AMg;;—UPE copolymers, should not disqualify this monomer
from further exploration, as AM agent in multifunctional AMRE composites. To compensate for the
reduction in the mechanical properties, incorporation into composites of the reinforcing fillers in
addition to ACP should be considered.

AMgs integrated into UPE resin were effective in reducing (p < 0.002) S. mutans biofilms.
Compared to the commercial control, P. gingivalis biofilm biomass was notably lower (71-85%) on
AMg;s—UPE copolymer disks, however, not statistically different. As Gram-positive bacteria have
peptidoglycan with long anionic polymers, called teichoic acids [49] (i.e., yielding a higher cell
surface net negative charge than Gram-negative organisms), one could anticipate S. mutans to be more
susceptible to AMg;s. Notwithstanding, quaternary ammonium compound AM functionality can also
be affected by the type of counter-ion [50], pendant active groups [51], molecular weight, and length of
the alkyl chains [52].

AMg;js show promise, as S. mutans planktonic and biofilm forms were reduced. Nonetheless,
this reduction was only significant (p < 0.002) for biofilms. When comparing planktonic and biofilm
responses, similar trends were observed with an endodontic sealer. For example, bacteria tested with a
resin-based root canal sealer did not statistically reduce the planktonic forms, while notably decreasing
bacteria in monospecies biofilms [53]. These authors attributed this to the release of substances during
the setting process. This attribute is unlikely applicable to our material, as DVC was high and aqueous
extraction was conducted for 72 h. In another report, Staphylococcus aureus biofilms were demonstrated
to be more susceptible to killing than the planktonic form of the same strain [54].

Although AM functionality is observed, we believe that the full potential of the AMg;; monomers
has not yet been realized. As reported for other quaternary ammonium compounds [47], the current
AMg;-UPE copolymer formulations are likely to have N* charges randomly distributed throughout
the material. As the mechanism of AM action is contingent on contact, it would be advantageous
to develop fabrication methods that would favor charge density at the materials surface. Further,
others have demonstrated that proteins can diminish the AM capability of quaternary ammonium
methacrylates (reviewed by [6]). Currently, there is insufficient information concerning the interaction
of proteins with quaternary ammonium methacrylates. Elucidation of the protein-material interactions
would yield valuable information to develop strategies to maximize AM efficacy of materials with a
charge-based AM mechanism of action.

In conclusion, our novel AM dental monomers (AMg;; and AMg;pp) exhibited minimal or no
toxicity upon direct contact with biologically relevant concentrations, while reducing S. mutans and P.
gingivalis biofilm forms. AMg;s made the UDMA/PEG-U/EHMA resin more hydrophilic. This would be
an advantageous feature in AMRE composites that require water to induce their remineralizing effects.
At 10 mass % level of AMg;; monomer, DVC of the ensuing AM;—-UPE copolymers was only marginally
lower than in UPE control and still exceeded DVCs typically seen in the commercial composites
based on bis-GMA/triethyleneglycol dimethacryalate (TEGDMA) resins. The mechanical properties of
AMg;-UPE copolymers were reduced (11-57%) compared with the UPE control. The extent of reduction
depended on both the type and the concentration of AMg; monomer in the resin. This finding should
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not disqualify the AMg;-UPE resins from use in AMRE composites intended for Class V restorations
where the mechanical stability is not a critical factor.

4. Materials and Methods

4.1. Monomer Synthesis

The synthesis and validation protocols for the AMg;s are described in detail by Okeke et al.
(2019) [40]. In brief, AMgiy and AMgij, were synthesized at 50-55 °C by reacting equimolar amounts of
tertiary amine, DMAEMA, with IPTMS and BrUDTMS, respectively, in the presence of chloroform and
butylated hydroxytoluene. DMAEMA, IPTMS, and butylated hydroxytoluene were purchased from
Sigma, St. Louis, MO, USA. BrUDTMS was purchased from Gelest Inc., Morrisville, PA, USA. Reactants
and solvents (chloroform, diethyl ether, hexane; Sigma, St. Louis, MO, USA) used during synthesis
and the subsequent purification were used as received, without further purification. The reaction
yields were 94.8% and 36.0% for AMgj;; and AMgjpp, respectively. Due to the generally hygroscopic
nature of QA monomers, the AMg;;s were stored under vacuum (25 mm Hg) before being used for
resin formulation and/or copolymer disk specimen preparation.

4.2. Structural Verification

Purified monomers were characterized by "H and '*C NMR spectroscopy as described [40]. Briefly,
spectra were obtained using a Bruker Advance II (600 MHz) spectrometer equipped with a Broadband
Observe room temperature probe (Bruker, Corp., Billerica, MA, USA). Monomers were dissolved in
deuterated dimethyl sulfoxide containing tetramethylsilane.

4.3. Experimental Resin Formulation

UPE resin was formulated from the commercially available monomers UDMA, PEG-U, and
EHMA at 2.8:1.0:1.7 mass ratio (corresponds to the average mass ratio of the ternary UDMA-based
formulations explored by our group so far). A conventional visible light initiator system comprised of
camphorquinone and ethyl-4-N,N-dimethylamino benzoate (4EDMAB) was introduced to the resin at
concentrations of 0.2 mass % camphorquinone and 0.8 mass % 4EDMAB. AMg;;s were blended into
UPE resin to yield (AMgjj; or AM;12)-UPE resin with 10 or 20 mass % of AM component. Addition of
AMgi)1 or AMgj; to the light-activated UPE resin took place in the absence of blue light. The rationale
for the chosen levels of AM monomers is based on the previously reported AM activities of similar
QA methacrylates in camphorquinone /4AEDMAB-activated bis-GMA/TEGDMA resins [25]. Once all
components were introduced, the mixture was stirred magnetically (38 rad/s) at 22 °C until a uniform
consistency was achieved. CLEARFIL SE Protect BOND (Kurary America, Inc., New York, NY, USA)
was used as a comparative commercial AM material. This resin was prepared using equal quantities of
primer (containing MDPB) and bonding (containing bis-GMA-HEMA) agent.

4.4. Biocompatibility Tests

Direct contact cytotoxicity of AMgjs was determined following described protocols [55,56].
Briefly, immortalized mouse subcutaneous connective tissue fibroblasts (NCTC clone 929 [L-cell,
L-929, Strain L derivative]; American Type Culture Collection (ATCC), Manassas, VA, USA) (CCL1)
or HGF (Applied Biological Materials, Inc., Richmond, BC, Canada) were exposed to 2-fold serial
dilutions (AMgjp: <8.34 mmol/L; AMgjp: <7.28 mmol/L). Chosen concentrations corresponded to
approx. 7% mass fraction of AMg;j); or AM;pp in the copolymer resin and a maximum of 2% leaching.
To allow for the possibility of restoration multiplicity and variable size, a 2-fold greater dilution was
also included in the testing. These calculations are based on the accelerated leachability study of
UDMA/PEG-U/2-hydroxyethyl methacrylate (HEMA) resin (abbreviated UPH; a close analog to UPE
resin used in this study) and ACP-UPH composites [57]. After 24 and 72 h incubation, cells were
assessed for cell viability (LIVE/DEAD® Viability/Cytotoxicity kit, Life Technologies, Corp., Grand
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Island, NY, USA) and metabolic activity (CellTiter® AQueous One Solution Reagent; Promega, Corp.,
Madison, WI, USA). Controls were without the AMg;;s and/or cells. The CCL1 cells and HGFs were
maintained, at 37 °C and 5% CO,, in 10% serum-supplemented Eagle’s minimum essential medium
(ATCC) and PriGrow III medium (Applied Biological Materials, Inc.), respectively. For experiments,
cells were obtained from a subconfluent stock culture. Means were obtained from 5 independent
replicates tested in duplicate.

4.5. Contact Angle (CA)

Changes in hydrophilicity/hydrophobicity of UPE resins due to the introduction of AMgs were
assessed by CA measurements (drop shape analyzer DSA100, Kriiss GmbH, Hamburg, Germany).
Following the deposition of the sessile droplets of the resin on the substrate, they were imaged after
1 min resting time with a charge-coupled device camera at the points of intersection (three-phase
contact points) between the drop contour and the projection of the surface (baseline). The CA water
values were calculated employing the Kriiss Advance software. Four repetitive measurements were
performed in each group.

4.6. Copolymer Specimen Preparation

For biotesting, UPE and AM;;;—UPE and AMsij,—UPE copolymer specimens were fabricated by
filling circular openings of a flat stainless-steel molds (6 mm diameter, 0.5 mm thickness) with the
resins. Each side of the mold was covered with Mylar film and a glass slide, firmly clamped, and then
cured (2 min/side: Triad 2000; Dentsply International, York, PA, USA).

Specimens were subjected to extraction in Dulbecco’s phosphate-buffered saline lacking both
calcium and magnesium (Life Technologies, Grand Island, NY, USA) for 72 h, at 37 °C and 6.3 rad/s
using an orbital shaker. After extraction, the disks were dried under vacuum (desiccator; ~22 °C) for
7 days. Specimens were sterilized for 12 h using an Anprolene gas sterilization chamber (Andersen
Products, Inc., Haw River, NC, USA). Prior to bacterial testing, specimens were degassed for >5 days
under vacuum (desiccator; ~22 °C).

4.7. Degree of Vinyl Conversion (DVC)

DVC of UPE and (AMgs;jj1 or AM;12)-UPE resins was determined by collecting the near-IR (NIR)
spectra (Nexus; ThermoFisher, Madison, WI, USA) before and 24 h after the light cure and calculating
the reduction in =C-H absorption band at 6165 cm™! in the overtone region in going from monomers
to polymers. By maintaining a constant specimen thickness, a need for an invariant internal standard
was eliminated. The DVC was calculated as

DVC (%) = [(areamonomer — areapolymer)/areamonomer] % 100 1)

where areapolymer and areamonomer correspond to the areas under 616571 absorption peak after and
before the polymerization, respectively.

4.8. Mechanical Properties of Copolymers

Test specimens (2 mm X 2 mm X 25 mm) for flexural strength (FS) and elastic modulus (E)
determinations were photopolymerized in the same manner as the copolymer disks for biological
testing. Polymerized specimens did not undergo any additional treatment. The FS and E of UPE
and (AMgj; or AMgip) UPE copolymer specimens was tested employing the Universal Testing
Machine (Instron 5500R, Instron Corp., Canton, MA, USA). The load was applied (crosshead speed
of 1 mm/min) to the center of a specimen positioned on a test device with supports 20 mm apart.
The FS and E of the specimens (three replicates/experimental group) were calculated as instructed in
the 1504049:2009 document.
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4.9. Bacterial Testing

4.9.1. Planktonic

Testing of Streptococcus mutans UA-159 (ATCC® 700610) planktonic forms was according to
described methods [47,58]. Briefly, bacterial cultures with an optical density of 1.2-1.3 at 600 nm
(Unico® 1200 Spectrophotometer, United Products & Instruments, Inc., Dayton, NJ, USA) were diluted
and seeded onto copolymer disks at a density of ~3 x 107 CFU/disk. Another disk was placed atop
to maximize contact. After a 2 h incubation (37 °C, 5% CO,) the samples were placed in 1 mL of
Todd Hewitt broth, rigorously mixed, and utilized to prepare a 10-fold dilution series. A 100 pL
aliquot of the resulting suspensions were spread onto the surface of THB agar plates. After incubation
(~20 hat 37 °C, 5% CO,), colony-forming units were enumerated using an IncuCount Colony Counter
(Revolutionary Science, Shafer, MN, USA). UPE resin disks and HemCon® Dental Dressing (HemCon
Medical Technologies, Inc., Portland, OR, USA) were used as negative and positive controls, respectively.
Around 30 to 300 CFU per spread plate was the range considered countable. Notwithstanding, agar
plates streaked with neat solutions of some groups yielded less than the lower limit of detection. Such
data were reported as less than the limit of quantification. The number of CFU/mL was calculated as
CFU number/(volume plated x dilution factor). Mean counts were obtained from five independently
tested copolymer disk sandwiches.

4.9.2. Biofilm

A bioluminescent S. mutans strain JM 10 (derivative of wild type UA159 [59] was used to assess
the AM properties of AMg;js. Methods of the real-time bioluminescence assay were as described [41,58].

Porphyromonas gingivalis, strain FDC 381 (ATCC® BAA-1703) was propagated in Becton Dickinson
BBL chopped meat carbohydrate, pre-reduced II broth, using a shaking incubator (37 °C, anaerobic
conditions). Three-day cultures were diluted in broth to approximate 5 x 10> CFU/mL. Copolymer
disks, vertically supported in a 24-well plate, were immersed in 1.6 mL of the bacterial suspension.
In anaerobic conditions, the plate was incubated at 37 °C for 4 days. The copolymer disks were washed
thrice in sterile 0.89% NaCl solution. Thereafter, the biofilm was displaced from the copolymer disks by
transferring them to a sterile glass tube containing 1 mL of saline, vortexed (1 min), sonicated (10 min),
and vortexed (1 min). Each disk was visually examined to ensure that the biomass was removed.
The resulting suspensions were used to make 10-fold serial dilutions and subsequently spread onto
the surface of Brucella agar with hemin and vitamin K1 (Sigma-Aldrich, St. Louis, MO, USA) plates.
After incubation (3 days at 37 °C, anaerobic conditions), colony-forming units were enumerated.

4.10. Statistical Analyses

Analysis of variance and multiple paired comparisons (two-sided, 95% confidence interval) were
used to analyze the experimental data as a function of material makeup and/or exposure/incubation
time and establish a statistical significance of differences between the experimental groups. Correlation
coefficient (r) was calculated to determine the functional dependence between cellular metabolic
activity and viability. (SigmaPlot™, Systat Software, San Jose, CA, USA and/or Microsoft Office Excel
2016; Microsoft, Redmond, WA, USA). Graphics were created using Microsoft Office Excel 2016 and/or
DeltaGraph6 for Windows® (Red Rock Software, Inc., Salt Lake City, UT, USA).
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Abbreviations

ACP amorphous calcium phosphate

AM antimicrobial

AMRE antimicrobial and remineralizing

AMgin N-(2-(methacryloyloxy)ethyl-N,N-dimethyl-3-(trimethoxysilyl)propan-1-aminium iodide
AMgip N-(2-(methacryloyloxy)ethyl-N,N-dimethyl-3-(trimethoxysilyl)undecan-1-aminium bromide
Bis-GMA 2,2-bis[p-(2-hydroxy-3-methacryloxypropoxy)phenyl]propane
BrUDTMS (11-bromoundecyl)trimethoxy silane

CA contact angle

CCL1 immortalized mouse subcutaneous connective tissue fibroblasts
CQ camphorquinone

DMAEMA 2-(dimethylamino)ethyl methacrylate

DvC degree of vinyl conversion

4EDMAB ethyl-4-N,N-dimethylamino benzoate

EHMA ethyl 2-(hydroxymethyl) acrylate

HGF human gingival fibroblasts

IPTMS (3-iodopropyl)trimethoxy silane

MDBP methacryloyloxydodecyl pyrimidinium bromide

NMR nuclear magnetic resonance

PEG-U poly(ethylene glycol)-extended UDMA

QA quaternary ammonium

TEGDMA triethyleneglycol dimethacrylate

UDMA urethane dimethacrylate

UPE UDMA/PEG-U/EHMA resin
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Abstract: In this study, we have prepared a series of 4- and 6-arm star-shaped polymers with varying
molecular weight and hydrophobicity in order to provide insight into the role and relationship that
shape and composition have on the binding and protecting of oral relevant surfaces (hydroxyapatite,
HAP) from bacteria colonization. Star-shaped acrylic acid polymers were prepared by free-radical
polymerization in the presence of chain transfer agents with thiol groups, and their binding to the HAP
surfaces and subsequent bacteria repulsion was measured. We observed that binding was dependent
on both polymer shape and hydrophobicity (star vs. linear), but their relative efficacy to reduce oral
bacteria attachment from surfaces was dependent on their hydrophobicity only. We further measured
the macroscopic effects of these materials to modify the mucin-coated HAP surfaces through contact
angle experiments; the degree of angle change was dependent on the relative hydrophobicity of the
materials suggesting future in vivo efficacy. The results from this study highlight that star-shaped
polymers represent a new material platform for the development of dental applications to control
bacterial adhesion which can lead to tooth decay, with various compositional and structural aspects
of materials being vital to effectively design oral care products.

Keywords: polymer; dental; antibacterial; antifouling; hydroxyapatite; star-shaped; hydrophobicity;
acrylic acid; oral; composition

1. Introduction

The control and reduction of oral biofilm formation [1], initiated by bacterial species living in
polymicrobial, pathogenic colonies at or below the gingival margin [2], are critical steps toward the
prevention of dental caries and periodontal diseases [3-5]. While many methods have been proposed to
prevent or treat these biofilms [6-10], one promising strategy is the use of synthetic polymer additives
that bind to the tooth surface to act as a barrier or deterrent to the deposition of planktonic bacteria
through either lethal [11-13] or non-lethal [14,15] mechanisms. Dental materials, especially those
delivered from common over the counter products such as toothpaste or mouthwash, must effectively
be multifunctional materials in that they must (1) deposit and stick to a tooth surface, (2) act as a
barrier against bacteria attachment, (3) be robust against external challenges such as food and drink in
order to not require constant reapplication, and (4) perform steps 1-3 in the presence of the salivary
pellicle. Conventional polymers used for this strategy include poly (methyl vinyl ether/maleic acid)
(Gantrez) and cross-linked micron-sized polyacrylic acid particles (carbopol). Additional polymers
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such as polyaspartate adhered to hydroxyapatite (HAP) and reduced the attachment of Streptococcus
sanguinis [16]. While these materials do show the ability to reduce bacterial attachment to the tooth
surface, the relationship between a polymer’s structure and composition to maximize efficacy, i.e., to
bind to an enamel surface and provide anti-attachment properties, remains disconnected.

We have previously shown that star-shaped polymers with pre-assembled poly(hydroxyethyl
methacrylate) (HEMA) chains formed stable polymer coatings on polyethylene terephthalate
surfaces [17]. Consistent with similar reports [18-32], these star-shaped architectures provided
brush-like structures of highly packed polymer chains that could physically repel bacteria to result in a
significant reduction of attached bacteria. While this approach using water-insoluble polymers was
suitable for hydrophobic resin surfaces, those potentially delivered from common oral care products
are required to have significant water solubility. Materials, such as poly(acrylic acid) (PAA) are indeed
water soluble, and have been known to bind to the tooth or HAP surfaces through interactions between
the anionic carboxylate (COO-) groups in the polymer side chains and cationic calcium ions at the
enamel surface [33-35].

As illustrated in Figure 1, we have prepared a small library of linear and star-shaped water-soluble
polymers comprising of acrylic acid (AA) and methyl acrylate (MA) in order to draw a relationship
between polymer structure (linear vs. 4-arm vs. 6-arm) and polymer composition (variable
hydrophobicity) with their ability to bind to oral-relevant surfaces and provide bacterial anti-attachment
in model systems. The specific goal of this report is to increase fundamental understanding of
polymer-tooth surface interactions toward the development of new polymer platforms and products
for anti-bacterial attachment activity.
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Figure 1. Star-shaped and linear poly(acrylic acid)s used in this study. The chemical structures of linear
poly(acrylic acid) polymers (Lin), 4-arm (4Star) and 6-arm (6Star) star-shaped poly(acrylic acid), and
4-arm star-shaped copolymers with methyl acrylate (4StarMA).

2. Results and Discussion

2.1. Synthesis of 4- and 6-Arm Star-Shaped Polymers and Characterization

We wanted to test the free-radical polymerization in the presence of chain transfer agents (CTAs)
as a facile synthetic strategy to prepare star-shaped polymers (Figure 2A) (See Tables S1-S6 in
Supplementary Materials for polymerization conditions). In this polymerization, the thiol of a CTA
reacts (R-SH) with the radical at the polymer chain and terminates the chain propagation by transferring
the hydrogen atom (Figure S1). At the same time, the thiyl radical (R-Se) is generated and initiates
new polymerization with the remaining monomers. This chain transfer cycle continues to consume all
the remaining monomers, and the molecular weight of polymers can be determined by the relative
reactivity of the radicals to CTAs compared to the monomers (chain transfer coefficient, Cy, in Equation
(2)) (See Section 3.5. Analysis of Polymerization Process in Materials and Methods for Equation (2))
and the molar ratio of CTA to monomers ([SH]/[monomer]). We have previously prepared star-shape
polymers with 10-12 polymer chain arms by crosslinking the end groups of pre-existing polyHEMA
polymer chains [17]. However, this preparation method required multiple synthesis and purification
steps. To that end, we synthesized a series of polymers with a range of molecular weights by altering
the ratio of CTA to monomers to determine if this synthetic method can provide star-shaped polymers
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with sufficient size control. In general, star-shaped polymers have been synthesized by living radical
polymerization methods, which provided well-defined polymers [36]. However, we chose free-radical
polymerization with thiol CTAs because we are interested in a facile approach, potentially capable of
large-scale production.
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Figure 2. Synthesis of star-shaped polymers. (A) Synthesis of 4-arm star-shaped polymers, (B) Chemical
structures of chain transfer agents. MMP: methyl 3-mercaptopropionate, PETMP: pentaerythritol
tetrakis(3-mercaptopropionate), DPEHMP: dipentaerythritol hexakis(3-mercaptopropionate). (C) Mayo
plots. The broken lines present the results of line fitting. C was determined from the slope of the line.
[SH]/[monomer] = (The number of thiol groups in a CTA) X [CTA]/[monomer].

The CTAs are small compounds with 4 or 6 thiol groups (PETMP and DPEHMP) (Figure 2B),
which serve as core molecules to initiate propagation of polymer chains and yield star-shaped polymer
structures. The mono-thiol chain transfer agent MMP provided linear polymers. We used tert-butyl
acrylate (tBuA) as a protecting group of acrylic acid to facilitate polymer synthesis, and characterization
through GPC and NMR spectroscopy. The average degree of polymerization of each arm (DP,m) was
determined by comparing the integrated peak area from the polymer backbone to that of CTAs in the
'H NMR spectrum (See Experimental for details). As the ratio of CTA to monomers was increased, the
molecular weight of polymers decreased, giving a series of star-shaped and linear polymers with M,
of ~2000 to 200,000 g/mole (See Table S7 for the molecular weight of polymers). It should be noted
that the molecular weights of polymers were further measured by size exclusion chromatography
(SEC), which separates materials of various masses by the hydrodynamic volume of polymer chains.
In general, the hydrodynamic volume of star-shaped polymer is smaller than that of linear polymer
with same absolute molecular weight [37]. Therefore, the comparison of molecular weights between
the linear and star-shaped polymers by SEC alone would not be sufficient.

To probe the chain transfer polymerization, we examined the relationship between the ratio of
the thiol groups to monomers and the polymer chain length. The Mayo plots (1/DP or 1/Mn (GPC)
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vs. [SH]/[monomer] based on Equation (2) for linear, 4-arm, and 6-arm star-shaped polymers showed
linear correlations (Figure 2C), and the Cy, value of each CTA was determined as the slope of fitted lines
in the Mayo plots (Ci = 0.91 (Lin), 1.06 (4Star), 0.97, (6Star)). In addition, the plots of 1/M;, (determined
by GPC) against [SH]/[Monomer] also showed linear correlations (Figure 2C). These results suggested
that the polymerization was driven by independent chain transfer processes initiated by each thiol
group of the CTAs. This further suggested that a polymer chain grew from each CTA arm (formation
of star-shaped polymers), and the average polymer chain arm length could be controlled by varying
the ratio of CTA to monomers.

The protected t-BuA polymers were treated with TFA to yield acrylic acid polymers (Figures 1
and 2). Because the resultant acrylic acid polymers were no longer soluble in GPC solvent (THF), the
molecular weights and distribution of polymers were not determined. The DP of resultant acrylic
acid polymers could also not be relatively determined by 'H NMR analysis because the signals from
the CTA agents were very small or not detected, which is likely due to low solubility of polymers in
solvent. The linear, 4-arm, and 6 arm star-shaped polymers are denoted as Lin-X, 4Star-X, and 6Star-X,
respectively, where X indicates the DP of each arm determined for the protected t-BuA polymers.

We also extended the synthetic approach to the preparation of hydrophobic random copolymers.
tert-Bu acrylate (tBuA) was co-polymerized with methyl acrylate (MA) to give random copolymers
with acidic carboxylic and methyl (ester) groups in the side chains (4StarMA) (Table S8). The mole
percentages of MA in the polymers were close to the initial feed ratios, indicating that the MA monomers
were quantitatively incorporated to the polymer chains. The copolymers are denoted as 45tarMAY-X,
where X and Y indicates the DP of each arm and mole percentage of MA in a polymer, respectively.

2.2. Binding of Star-Shaped Polymers to HAP

We first investigated the binding behaviors of star-shaped polymers onto HAP as a tooth surface
model as it has a similar chemical composition to enamel [38,39]. The intrinsic binding properties of
polymers can provide useful insights into the relationship between polymer structure and surface
activity. Specifically, the binding constant of the polymers and the maximum amount of binding sites
on hydroxyapatite surfaces would represent the polymers binding properties. Such information would
be helpful to predict polymer activity and design new polymers for subsequent improvements.

We synthesized rhodamine-labeled polymers (Figure 3A and Table S9) for the fluorescence-based
binding assay described below. The assay used HAP powder dispersed in an aqueous solution as a
model for HAP surfaces for polymer binding [40,41]. This assay provided a facile high-throughput
method to determine the amounts of polymers that remained free in supernatant at equilibrium (Ce;)
and adsorbed onto the HAP surface (q) (Figure 3B). The amount of polymers adsorbed onto the HAP
surface was increased as the polymer concentration was increased and appears to level off at high
concentrations (Figure 3B). The adsorption isotherms may be represented by the following equation
for the Langmuir adoption model:

Co _ Cu | Ka
q Jmax  Gmax

where g0y and K; are the maximum amount of adsorbed polymers and dissociation constant,
respectively [42—44]. The data were well fitted by Equation (1) (Figure 3C). The gx and K; values were
calculated from the slope and intercept of each plot (Table S10). To compare the molecular behaviors of
the star-shaped and linear polymers with different molecular sizes, we use the g, and K, values given
in molar concentrations (umol/g HAP and uM) for discussion, which present the binding behaviors of
each polymer molecule. It should be noted that we used the DP of protected tBu polymers to calculate
the M, values of de-protected polymers because of the difficulty to determine the DP of de-protected
polymers by 'H NMR as described above. The M,, values were used to convert the qmax and Ky values
given in weight-based concentrations to molar concentrations.
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Figure 3. Synthesis of fluorescent dye-labeled polymers and their adsorption on hydroxyapatite powder
(HAP). (A) Synthesis of rhodamine-labeled 4-arm star-shaped polymers. The rhodamine monomer (0.1
mol.% to the total number of monomers) was polymerized with t-Bu methacrylate. (B) Adsorption of
4-arm star-shaped polymer F-4Star-192 on HAP surfaces. Fluorescence intensities from supernatants
of polymer assay solutions with and without HAP. (C) Adsorption isotherm and linear Langmuir
plot. q: the amounts of polymers adsorbed onto the HAP surface. C¢;: the polymer concentration of
supernatant at equilibrium.

First, we examined the binding properties of star-shaped and linear polymers which have a range
of DPs of each polymer arm in order to evaluate the effects of assembly of polymer chains on their HAP
binding as well as the effect of polymer arm length (DP) on their binding behavior. In general, the gy
values for 4- and 6-arm star-shaped polymers were smaller than that of the linear polymer (Figure 4A).
This is likely because of the larger molecular sizes of star-shaped polymers, which occupy larger areas
on the hydroxyapatite surface than the linear polymer, such that fewer star-shaped polymers could
be bound to the hydroxyapatite surface. On the other hand, the dissociation constant K; values of
star-shaped polymers were smaller than that of the linear polymer (Figure 4B), indicating that the
star-shaped polymers adsorbed on the hydroxyapatite surface more strongly than the linear polymer.
This can be explained by the large polymer sizes of star-shaped polymers which have more contact
points on the hydroxyapatite surface for binding. The 4- and 6-arm star-shaped polymers with DP~120
showed the similar g,,.x and Ky, indicating that these polymers occupy similar areas on the HAP
surfaces and have similar binding.
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DP,rm DParm

Figure 4. HAP adsorption of linear and 4-ram star-shaped polymers. (A) guqx and (B) K; were
determined by the Langmuir plot.

Regarding the effect of polymer arm length (DP) on their binding behavior, the g4y and Ky
value of 4-arm star-shaped polymers decreased as the DP of arms increased and leveled off at large
DPs (Figure 4A). On the other hand, the K; value also leveled off for the polymers with large DPs
(Figure 4B). The g;u4x and K values of linear polymers also decreased and appeared to level off at large
DPs. These results suggest that the maximum number of adhered polymers and their binding affinity
did not increase once the size of polymers became sufficiently large. This leveling-off of HAP binding
behavior of the polymers may be explained by the following model. The anionic carboxylic groups
of the polymer side chains are the binding ligand to HAP surfaces through electrostatic interactions.
Therefore, as the polymer chains become longer, having more carboxylic side chains, the binding
affinity of polymers for HAP would increase. However, the binding of carboxylic side chains to HAP
surfaces requires the polymer chains to be flattened and/or stretched on the HAP surface, which is
not favorable because of the large entropic penalty. Therefore, the binding of polymers would be
determined by the balance between the two driving forces to maximize the number of binding sites
by carboxylic groups on the HAP surface (enthalpy gain) and minimize the strain on polymer chains
(entropic penalty). As the DP of the polymers increase, the number of carboxylic side chain groups
increase, thus increasing their binding. However, once the polymers are long enough, the polymer
chains would be difficult to be constrained on the HAP surface because of the entropic penalty, resulting
in the leveling of g, and Kj.

The effect of hydrophobic side chains on polymers binding to HAP surfaces was also examined.
The random copolymers with hydrophobic monomer MA showed maximum points in the g, and Ky
values as the composition of MA was increased (Figure 5). This binding behavior with maximum points
may be explained by the interplay between the electrostatic binding of carboxylate groups to HAP and
the intramolecular and intermolecular associations of MA groups. Increasing the MA composition
reduces the number of carboxylic side chains, which may in turn reduce the binding affinity of polymers
(higher K;). On the other hand, the hydrophobic groups may associate intramolecularly (within the
same star-shaped polymer), which may prevent the extension of polymer chains for binding, resulting
in low binding affinity (higher K;). Based on this model, the increase in the K; values for the low
percentage of MA may indicate that the intramolecular association and/or reduced number of acidic
groups are dominant, but low K; value for the polymer with 55% MA indicates the intermolecular
hydrophobic association between star-shaped polymers may play an important role to stabilize the
polymer layer. On the other hand, the g4y also slightly increased, indicating the conformation of bound
polymer chains are more compact (smaller occupied surface area). The polymers with 55% MA showed
lower gyax, indicating the polymer chains are more expanded likely because of increased intermolecular
associations of MA groups between the star-shaped polymers, which is in good agreement with the
low K, value. These results suggest that the binding behaviors of polymers to HAP surfaces can be
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controlled by their hydrophobicity, but is a less contributing factor than the overall shape (linear vs.
star) of the polymer.
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Figure 5. Effect of hydrophobic monomer composition on HAP adsorption of 4-arm

star-shaped polymers.
2.3. Anti-Bacterial Attachment Activity of Linear and Star-Shaped Polymers

We have shown that shape significantly impacts the binding constant of polymers to HAP surfaces
and that higher DPs are required for linear polymers than star-shaped in order to reach minimum
Kg values. As such, we selected a subset of linear, star-shaped, and hydrophobic polymers based on
their respective DP values that were similar to their tightly-binding fluorescent counterparts (DP =
100-200) in order to choose those materials with the strongest affinity to the HAP surface (Figure 6 and
Table 1). In this way, we have effectively normalized to the polymers’ K, such that any differences in
anti-attachment or contact angle measurements could be ascribed to the shape and composition of the
polymers rather than simply their lack of presence through dissociation from the HAP surface. Table 1
lists the non-fluorescent polymers chosen for further evaluation. Additionally, we have intentionally
chosen materials that do not kill bacteria but instead repel. Surface modifications that reduce bacteria
deposition and colonization through contact kill or simple cell repulsion will ultimately appear the
same, i.e., both surfaces will have a sufficiently reduced amount of living bacteria. We acknowledge
that a combination of mechanisms, that is, kill + repel, would likely have the greatest efficacy, however
by using materials known to not kill, but rather repel, we can isolate the mechanism to a single mode,
subsequently making for more easily understood results. Consumer product constraints surrounding
materials that reduce bacteria population through bactericidal mechanisms will inherently certain
elicit regulatory restrictions. It is therefore important to have an understanding on materials that act as
a non-lethal, almost mechanical, barrier only.

HAP-coated substrates were used as an enamel surface model to test the attachment of a mixture of
oral bacteria Actinomyces viscosus and Streptococcus oralis. These bacteria are known as early colonizers
of the oral biofilm formation [45,46], so significant reductions of these species are suggestive of efficacy
on full healthy oral biofilms. In general, all of the polymers reduced the attachment of the bacteria
onto the HAP surfaces by 17-54% relative to untreated control. However, what is immediately clear
is that the six samples separated into two distinct groupings based on their relative hydrophobicity
(Figure 6). Among the acrylic acid homopolymers, the linear (Lin-211) and 6-arm (6Star-129) star-shaped
polymers showed a 30-32% reduction, while the 4-arm star (4Star-165) had only a 17% reduction.
In contrast, all hydrophobic random copolymers gave higher percent reductions regardless of their
shape. The linear copolymer (LinMA48-194), and 4-arm star-shaped copolymers (4StarMA56-215
and 4StarMA34-171) showed percent reductions of 43-54%, and were statistically superior to their
homopolymer counterparts.
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Figure 6. Anti-bacterial attachment activity of linear and star-shaped polymers. The activity of
polymers was assessed by the percent reduction in bacterial attachment relative to control (untreated
HAP surface). The data and error bars represent the average of 12 replicates with 95% confidence limits.
The alphabetical letters on the bars present statistical grouping.

Table 1. Polymers selected for anti-bacterial adhesion assay and contact angle experiments and
analogue polymers for HAP-binding assay.

Polymers Selected for Anti-Bacterial Adhesion and

Contact Angle Experiments Polymer Analogues for HAP-Binding Assay

o
Polymer DParm M, ? Re du/ztion Polymer DParm M, ? (umo‘}/nlgj\P o K4 (uM)
Lin-211 211 15,300 317 +4.2 F-Lin-189 189 13,700 1.05+0.14 148 £55
4Star-165 165 48,000 17.6 £5.0 F-4Star-192 192 55,800 0.33 + 0.06 14+04
6Star-129 129 56,600 299 +25 F-6Star-121 121 53,100 0.38 + 0.07 21+0.6
LinMA48-194 194° 15,400 463 +43 F-LinMA51-189 189 b 15,100 283 +0.11 140 £2.0
4StarMA34-171 171 53,000 432+42 F-4StarMA37-185 185 57,700 0.33 £ 0.03 46+0.8
4StarMA56-215 215 69,200 535+55 F-4StarMA55-149 149 48,000 0.28 +0.02 1.6+0.6

@ The Mn (the number average molecular weight) of the polymers was calculated based on the DP of protected tBu
polymers and molecular weights of chain transfer agent and acrylic acrylate; ® The theoretical DP calculated based
on the Mayo equation using the Cy, value and [SH]/[monomer].

This data is suggestive of several points in regard to the material characteristics required for
anti-attachment properties. First, while there may be small differences between the efficacies of
various shapes within the homo vs. copolymer families, their effect is diminished by the presence of
hydrophobic monomers within the random polymer chain. This is to say that bacteria are less able
to attach themselves to the HAP surface when that surface is coated with a hydrophobic polymer,
regardless of whether that polymer is linear or star-shaped. Second, the statistical groupings of the
star-shaped hydrophobic polymers were near equivalent, with 34 and 56 mol.% of methyl acrylate
providing similar effects. This implies that a “hydrophobic” polymer provides better anti-attachment,
but no significant increases in this effect were observed over the ranges evaluated. In the future, we
will explore this facet more closely as it may be possible to draw a true correlation here. In addition, the
maximum amount of adsorbed polymers g, and dissociation constant K; of the homopolymer and
hydrophobic copolymer with the same shape (linear, 4-, 6-arm star-shape) are very similar (Table 1).
This suggests that the enhanced effect of anti-bacterial adhesion by the hydrophobicity of copolymers is
not due to the difference in their inherent binding properties (the amount of polymers adhered) to HAP
surfaces, but it could be related to the physicochemical properties of polymers or polymer conformations
on the surface. It has been previously reported that random, block, cross-linked amphiphilic copolymers
effectively prevent protein adhesion and bacterial adhesion [47-54]. The proposed mechanism is
that these polymers form phase separated nano-scale domains, which reduce protein adsorption and
subsequent bacterial attachment [48]. These domains are smaller than the hydrophobic/hydrophilic
domains of proteins so that it is difficult for proteins to adopt their conformations to match with the
surface domains. While it is not clear at this point, we speculate that the copolymers in our study may
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also form such segregated microdomains by association of hydrophobic side chains, which may be a
more dominant factor for bacterial attachment than polymer shapes.

The ability for a polymer to provide anti-attachment effects to an oral surface can only happen if
the material sufficiently first binds to the surface. The data above has demonstrated that the chemistries
needed to bind and repel are not the same. A multi-arm star-shaped polymer had significantly better
binding to HAP, but in contrast composition played no such dominant role. Hydrophobicity did not
dramatically decrease K;, however its presence significantly decreased bacteria attachment. Taken
together, a hydrophobic star-shaped material would be the ideal polymer system to both bind to
enamel and repel bacteria in our model systems.

2.4. Water Contact Angle

The polymer binding isotherms combined with bacteria anti-attachment clearly indicate the
tunability and functionality of these polymer systems. However, these materials would need to perform
in the presence of the salivary pellicle that coats all oral surfaces in order to provide sufficient effects
in-vivo. The pellicle is a complex mixture of proteins, deposited to the surface of enamel by salivary
flow [52], and fundamentally examining and predicting the interactions of star-shaped polymers
with a pellicle surface is a sufficient and ongoing challenge for our group. Polymers will interact
with a pellicle layer in different ways, depending on the dominate chemistry. For example, a recent
publication [55] showed that polyanions and polycations interacted differently with the pellicle, which
included their penetration depth relative to the HAP-pellicle interface. Another described changes
in pellicle thickness as well as antimicrobial functionality as a function of polymer deposition and
interaction with pellicle-coated HAP surfaces [12]. This effect can be rationally extended to variations
in hydrophobicity and shape. While the presence of a pellicle would add significant complexity, and is
outside of the scope of our current study, we did choose to examine how these polymers affected the
macroscopic properties of HAP through contact angle measurements after pre-treatment with artificial
saliva in order to demonstrate a small facet of in-vivo activity. Mucin-based artificial saliva has been a
substitute for human saliva in dental research [56], and we found that HAP discs first treated with
artificial saliva produced sufficient surfaces allowing for consistent measurements. Significant changes
in surface energies, exhibited by major differences in water droplet contact angle, would indicate
positive interactions between polymers and mucin-coated surfaces. This experiment represents our
first bridging data between fundamental studies and practical applications.

We generally observed that following treatment with polymer solutions, an increase in CA was
observed for most samples by >7°, indicating that the polymer-treated surfaces were more hydrophobic
than the untreated control (Figure 7). The magnitude of this difference also reflected the compositional
changes within the polymers themselves. 4StarMA56-171, for example, had the highest contact angle
of 87.6°, an effect attributed to the 56% MA concentration within the star shaped material. Example
images of the droplets can be seen in Figure 7, illustrating that these materials are effective at altering
the surface characteristics of HAP.

Within this series, however, the linear hydrophobic polymer LinMA48-194, exhibited a lower CA
than the untreated control, even though the polymer contains 48% methyl acrylate. The hydrophobic
side chains might stabilize the polymer coatings on the HAP surface by the hydrophobic interactions
with HAP and/or between the polymer chains. Such polymer network anchored on the HAP surface
might retain more water and therefore exhibit higher hydrophilicity, as compared to homopolymer
Lin-211 which increased CA. On the other hand, the hydrophobic star-shaped polymers exhibited
larger contact angles than LinMA48-194. It may be possible that linear polymer chains can adopt
a conformation on the surface such that the hydrophobic side chains face down toward the HAP,
and the hydrophilic (carboxylate) face up. The formation of such amphiphilic polymer conformation
would be more efficient than the star-shaped polymers which have denser polymer chains, giving
more constraints to conformational change. Because of the difference in the HAP pre-treatment
(mucin-coated or non-coated), we cannot directly compare these results to those of binding and
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anti-bacterial attachment. However, the results suggest that the polymers are capable of altering the
surface properties of HAP even in the presence of a protein layer.
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Figure 7. Water contact angle of polymer treated HAP surfaces pre-treated with artificial saliva. Example
contact angle images of treated HAP surfaces: (A) untreated; (B) 45tarMA34-171; (C) 4StarMA56-215.

3. Materials and Methods

3.1. Materials

2,2’-azobisisobutyronitrile (AIBN) and pentaerythritol tetrakis(3-mercaptopropionate) (PETMP)
was purchased from Sigma-Aldrich Co. LLC. (St. Louis, MO, USA). Dipentaerythritol
hexakis(3-mercaptopropionate) (DPEHMP) was purchased from TCI America (Montgomeryville, PA,
USA). Methacryloxyethyl thiocarbamoyl rhodamine B was purchased from Polysciences (Warrington,
PA, USA). Trifluoroacetic acid (TFA) and solvents were purchased from Thermo Fisher Scientific, Inc.
(Waltham, MA, USA). fert-Butyl acrylate, methyl acrylate, and methyl mercaptopropionate (MMP)
were purchased from Acros Organics (Morris County, NJ, USA). The inhibitors of these monomers
were removed by passing through alumina before use. Other chemicals and solvents were used
without further purification. 1H NMR was performed using a Varian MR400 (400 MHz, Agilent
Scientific Instruments, Santa Clara, CA, USA) and analyzed using VNMR] 3.2 (Agilent Scientific
Instruments, Santa Clara, CA, USA) and MestReNova. Gel permeation chromatography (GPC) analysis
was performed using a Waters 1515 HPLC instrument (Milford, MA, USA) using THF as an eluent,
equipped with Waters Styragel (7.8 x 300 mm) HR 0.5, HR 1, and HR 4 columns in sequence and
detected by a differential refractometer (RI). Sintered HAP discs (0.5 cm in diameter) were purchased
from Himed, Inc. (Old Bethpage, NY, USA).

3.2. Synthesis of tBu PAA Homopolymers

tert-Butyl acrylate (t-BuA), AIBN, and chain transfer agent (CTA) (MMP, PETMP, or DPEHMP)
in acetonitrile were mixed in a flask (See Table S1 for the polymerization conditions). The oxygen of
the reaction mixture was removed by bubbling nitrogen gas for 10 min, and the reaction solution was
stirred at 70 °C for 16 h. The reaction was cooled to room temperature. The solvent was removed
by evaporation under reduced pressure. The resultant residue was dissolved in diethyl ether, and
the polymer was isolated by precipitation in a methanol:water [50:50 (v/v)] mixture. The yield of
purification was >90% for most cases. The polymer arm length (DP) was calculated by comparing the
integrated peaks of -OCH2- group of chain transfer agent to the -CH- polymer backbone. The number
average molecular weight (Mn) was calculated using the DP and molecular weights of monomers and
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CTAs. Gel permeation chromatography molecular mass results were determined using a calibration
curve based on the standard samples of polystyrene. 1H NMR (CDCl3, 400 MHz) 5: 4.21-4.06 (s, 2H,
~OCHS,- of PETMP), 2.85-2.51 (brs, 4H, ~SCH,CH,-), 2.37-2.07 (brs, 1H, ~CH-,), 1.97-1.14 (brs, 11H,
—CH3 and —CHz—).

The tBu groups of polymers were then removed by the addition of trifluoroacetic acid (TFA) (5
mL to 1 g of polymer). After stirring for 30 min, TFA was removed by blowing with nitrogen gas in a
closed container, and the gas was passed through a base (NaOH) aqueous solution to trap TFA. The
residue was dissolved in methanol, and deprotected polymers were isolated by precipitating in excess
diethyl ether. Subsequently, the precipitate was dissolved in distilled water and lyophilized to yield a
powdery product. 1H NMR (DMSO, 400 MHz) 2.4-2.0 (brs, 1H, -CH-,), 1.8-1.2 (brs, 2H, -CHj-).

3.3. Synthesis of Random Copolymers with MA

The PAA random copolymers with methacrylate (MA) were synthesized by the same method
with the tBu PAA homopolymers as described above. See Table S2 in Supporting Information for the
monomer feed compositions and reaction conditions.

3.4. Synthesis of Rhodamine B-Labeled Polymers

The rhodamine B-labeled copolymers were synthesized using methacryloxyethyl thiocarbamoyl
rhodamine B (0.1 mol.% to the total amount of monomers) by the same method as described above with
the tBu PAA homopolymers. See Supporting Information for the detailed procedure, polymerization
conditions, and monomer feed compositions (Tables S3-56). The Mayo plots showed linear correlations,
and the Ctr values of each thiol group of linear and 4-arm polymers are 0.91 and 0.97 (Figure S2 and
Table S11).

3.5. Analysis of Polymerization Process

In general, DP,;;, of polymer prepared in the presence of thiol groups as a CTA may be presented

by the Mayo equation [38]:
s
DPu — DPy ty [Monomer]

where DPy, C, [CTA] and [Monomer]| represent the DP of each polymer arm in the absence of
CTA, chain transfer coefficient, initial mole concentration of thiol groups, and mole concentration of
monomers, respectively. According to the Mayo equation, the plot of 1/DP would be proportional to
[SH]/[Monomer], and the slop presents Cy,.

@

3.6. HAP Binding Assay

Fluorescence spectroscopy was used to evaluate the binding capacity of rhodamine-labeled
polymers onto HAP powder. The polymer solutions in 10 mM phosphate buffer with 150 mM NaCl
with different concentrations (pH = 7, adjusted by NaOH aq., 0.5 mL, 0.04, 0.08, 0.16, 0.31, 0.63, and
1.25 g/L) were mixed with HAP (30 mg/mL) in a 1.5 mL tube. The solution was gently shaken using a
mechanical shaker for 2 h at room temperature and then centrifuged at 10,000 rpm for 10 min. The
fluorescence emission intensities of the supernatant were measured (excitation wavelength = 553 nm,
emission wavelength = 627 nm) and compared with those for samples with same concentration of
polymers without HAP.

3.7. Anti-Bacterial Adhesion Assay

HAP coated MBECTM lids were treated by polymer solutions in MilliQ water (1 wt.%, pH 6.5
adjusted with NaOH or HCI) and allowed to shake in the incubator at 37 °C for 1 h. Following treatment,
excess polymer solution was removed from the MBECTM lids by submerging in Trypticase soy broth
(TSB) for 10-15 s for three cycles, replacing the TSB broth for each new cycle. The MBECTM lids were
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then incubated with freshly prepared overnight cultures of mixed Actinomyces viscosus (ATCC#43146,
American Type Culture Collection, Manassas, VA, USA) and Streptococcus oralis (ATCC#35037, American
Type Culture Collection, Manassas, VA, USA) for 3 h at 37 °C. After incubation the MBECTM lids were
submerged in TSB and sonicated two times for 2 min each time in order to detach the HAP-bound
bacteria into the TSB. The BacTiter-Glo Microbial Cell Viability Assay was utilized on the re-suspended
TSB to determine the percent reduction in the cell viability. The percent reduction was calculated by
the following equation based on the luminescent output of bacteria removed from untreated surfaces
and polymer-treated surfaces: % reduction = 100 X (bacteria attached on untreated surface—bacteria
attached on polymer-treated surface)/bacteria on untreated surface.

Bartlett’s test (p = 0.265) suggested that any variations are not significant, and the samples have
equal variances. Therefore one-way analysis of variance (ANOVA) was used to assess the treatment
effect and determine the statistical differences between the various sets. A Tukey multiple comparison
test was used to assess pairwise treatment differences. A p < 0.05 was used to indicate significant
statistical differences.

3.8. Contact Angle Measurements

Contact angle was performed on an Attension Theta instrument from Biolin Scientific (Stockholm,
Sweden). Data was analyzed using One Attension software v 2.9. Briefly, 1.0 wt.% polymer solutions in
MilliQ water were prepared, and their pH adjusted to 6.5 with concentrated NaOH or HCI. Because of
the immediate absorption of solution droplets into hydroxyapatite, surface modification was required
prior to treatment with polymer solutions in order to obtain stable droplets for comparison. Sintered
HAP was first treated with modified artificial saliva [39] for 1 h (see Supporting Information). After
this time, the discs were soaked in 2 mL of polymer solution for three hours on an orbital shaker. The
discs were removed and rinsed slightly to remove excess or loosely bound material, and then dried
overnight. Contact angle measurements of a 3 puL droplet on four separate HAP discs were collected
and averaged to provide statistical significance.

4. Conclusions

In summary of the present study, we synthesized linear, 4- and 6-arm star-shaped polymers based
on acrylic acid using chain transfer agents with corresponding thiol groups in order to provide insight
into the types of polymers that could both bind to HAP and repel bacteria from the surface. We have
found that polymer shape was more important to HAP surface binding than polymer composition
(hydrophobicity). However, polymer composition played a larger role than polymer shape (linear vs.
star-shape) when providing anti-bacterial protection. This information will be important for targeted
properties (binding, anti-bacterial attachment, wettability, etc.,) and further design polymers for dental
applications. In this study, our focus was the synthesis of star-shaped polymers and initial evaluation of
their physical and biological properties in order to test new polymer platforms for dental applications.
The oral environment is quite dynamic and subject to continuously changing environments due
to salivary flow, food and drink intake, and the resulting fluctuating pH. Therefore, the efficiency
of dental materials to provide benefits, as delivered through common oral care products, must be
investigated through delivery, substantivity, and efficacy. While limited to very simple systems here,
this approach is critical to build an understanding of dental materials as it can more effectively isolate
and identify specific modes of action in addition to chemical or physical barriers to the effectiveness of
these materials. Our future research will focus on further developing an understanding of star-shaped
polymers in reference to artificial-saliva and human-saliva-coated HAP surfaces, including binding
activity and bacterial anti-attachment properties.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4983/10/4/56/s1.
Figure S1: Chain transfer process in free-radical polymerization. Figure S2: The relationships of 1/DP (A) and
1/Mn (B) with SH/monomer ratio for RhB-labeled PAA (tBu)-protected polymers. Table S1: Polymerization
conditions of tBu PAA polymers. Table S2: Polymerization conditions for hydrophobic random copolymers. Table
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S3: Polymerization conditions for rhodamine-labeled tBu linear polymers. Table S4: Polymerization conditions for
rhodamine-labeled tBu 4-arm star-shaped polymers. Table S5: Polymerization conditions for rhodamine-labeled
tBu 6-arm star-shaped polymers. Table S6: Polymerization conditions of rhodamine-labeled tBu linear and 4-arm
PAA/MA random copolymer. Table S7: Polymer characterization of tBu-protected polymers. Table S8: Polymer
characterization of tBuA-MA random copolymers. Table S9: Polymer characterization of F-labeled polymers.
Table S10: Polymer characterization and Langmuir constants. Table S11: Chain transfer constants for tBu polymers.
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